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FOREWORD 


Biologists are finding themselves increasingly perplexed by the lack 
of an adequate conceptual framework with which to guide their own 
investigations and to bring the results of many specialized studies into 
a more coherent and meaningful relationship. 

With this need in view, a symposium on “Development and Growth” 
sponsored by the Editors of ‘Growth’ was held at North Truro, Mass., 
from August 7th to 11th, 1939. Sessions were held each morning and 
afternoon, each beginning with a paper lasting about one hour and fol- 
lowed by unhurried discussion and comment. Attendance varied from 
seventy to one hundred persons. Subjects were introduced by Drs. 
Warren H. Lewis, P. W. Gregory, Curt Stern, C. H. Waddington, 
Joseph Needham, Otto Glaser, O. E. Schotté, E. W. Sinnott, and J. H 
Woodger. Discussion leaders were Drs. L. G. Barth, H. S. Burr, L. B. 
Clark, A. B. Dawson, L. C. Dunn, L. K. Frank, H. S. N. Greene, V. 
Hamburger, K. V. Thimann, and Paul Weiss. Representatives-of the 
fields of agriculture, bacteriology, biochemistry, biophysics, botany, 
cytology, embryology, endocrinology, genetics, histology, mathematics, 
pathology, philosophy, physiology, and zoology concentrated on a single 
issue, and considerable correlation and conceptual integration was 
accomplished. 

In consequence of the evident success of this effort at synthesis, steps 
were taken at the end of the conference to form an organization able tu 
call tegether similar meetings in future years. A “Society for (the 
Study Of) Development and. Growth” was founded by the group as- 
cwsilbled, with the purpose of rallying for joint discussion and closer 
cooperation all those interested in “dev elopment and growth. An 
organizing committee was elected, consisting of Drs. Warren H. Lewis 
(chairman); Paul Weiss (secretary); Leigh Hoadley (treasurer); N. 
J. Berrill, Philip R. White, E. W. Sinnott (members). Further infor- 
mation concerning the Society may be obtained from the secretary. 

The committee has arranged for the next symposium to be held at 
Salsbury Cove, Maine, from June 20 to 26, 1940, with sessions on the 
following topics : 

Structure of Protoplasm; Synthesis of Protoplasm; 

Colloid Chemistry of Development and Growth; 

Chemical Factors of Growth; Physical Factors of Growth: 
Cell Division in relation to Development; 

Size-controlling Factors; Pathology of Development ; 

Theories of Organization. 

It is expected that proceedings will be published for each annual sym- 
posium meeting, of which series the present proceedings are the first. 


J. Berrill. 
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SOME CONTRIBUTIONS OF TISSUE CULTURE 
TO DEVELOPMENT AND GROWTH 


By 
WARREN H. LEWIS 


Department of Embryology 
Carnegie Institution of Washington 


The general theme of our Symposium is “Development and Grewth” 
and the special topic assigned to Dr. Gregory and myself is cell- 
division and differentiation. As my thesis has developed | am inclined 
to think that my sub-title should be “Some Contributions of Tissue 
Culture to Development and Growth.” In order to evaluate the 
contributions of tissue culture it has been necessary to define the terms 
growth and development. Development involves three processes, name- 
ly; growth, cellular differentiation or cytogenesis and morphogenesis 
or organogenesis, the development of form. 


Growth is an increase in the mass of the whole or any part of an 
organism. It is the result of an increase of cell number, of cell size 
and of the intercellular products of cells. During the development of 
the egg and in certain organs and tissues throughout life growth is 
accompanied by differentiation. Growth occurs without differentia- 
tion and differentiation occurs without growth. The two processes are 
by no means identical. Development is not synonymous with growth 
although it is frequently so considered. In a strict sense growth is in- 
crease in protoplasmic mass but the measurements of growth usually 
include various cell products which are deposited within and outside 
the cells. During cleavage of the egg there is continued cell division 
without increase of the total mass of the egg. Increase does not occur 
in the mammalian egg, for example, until the early trophoblast cells 
secrete the fluid which fills and expands the blastocyst cavity. There 
is, however, a great increase of nuclear protoplasm and probably of 
cytoplasm at the expense of yolk stored in the ovum. During growth 
from embryo to adult a considerable part of increase in mass is due to 
the accumulation of blood plasma, of intercellular juices, of white and 
elastic fibers and of cartilage and bone. Increase in the mass of a bone 
ora cartilage is usually considered as growth, but increase of bloo-i 
plasma scarcely so, even though both are products of cells. In cultures 
white fibers, cartilage and bone are formed by the fibroblasts, chondro- 
blasts, and osteoblasts. The white or collagenous fibers are formed in 
inactive more than in cultures of actively dividing fibroblasts. In the 
body they certainly contribute to the total mass but in cultures their 
gradual increase is in a somewhat doubtful category as regards both 
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growth and differentiation. The secretion of fluid (blood plasma) by 
endothelial cells to form gradually expanding capillaries or segments 
of them which produces increase in mass is again a doubtful evidence 
of growth. It frequently occurs in cultures. 

Growth or at least the type of growth that we are concerned with is 
increase in protoplasmic mass. The outward expressions of this are 
increase of cell size or increase in the number of cells by division with 
growth of the daughter cells. The inward expression is the synthesis of 
protoplasm in excess of that already present in the cell. Ordinarily 
there is with each cell division a 100 percent increase in the protoplasm 
(cytoplasm and nucleus). 


GROWTH BY INCREASE OF CELL MASS 


In tissue cultures as in the body there are a few notable examples of 
this sort of growth. The growth of nerve fibers first observed by Har- 
rison in cultures and since seen by many other investigators is undoubt- 
edly accompanied by synthesis of cytoplasm and increase in the total 
mass of the neuron (the cell body and its processes ). 

Another example, first observed in cultures by M. R. Lewis, is the 
growth of a monocyte to a macrophage. Part of this increase in size is 
due to the phagocytosis and accumulation within the cell of ingested 
and partly digested dead cellular material, to the pinocytosis of and 
accumulation of globules of fluid and to the accumulation of fat. 
globules. It is difficult to estimate how much of the total increase in 
the mass of such a cell is due to cytoplasmic increase and how much to 
cytoplasmic inclusions. Macrophages are often many times as large as 
monocytes. Monocytes and macrophages also increase by cell division. 

The growth of skeletal muscle from about the time of birth onward 
is supposed to be due to the increase in the size of individual muscle 
fibers without cell division. Hanging drop cultures of skeletal muscle 
show outgrowth from the explant of long fibers of variable width which 
undoubtedly come from fibers within the explant, presumably due to an 
increase of cytoplasm and of the nuclei which are numerous. In roller 
tube cultures I have obtained a steady increase in the length of muscle 
fibers without any apparent diminution of thickness during periods of 
weeks and even months. One tube which carried for more than six 
months without transfer but with renewal of the feeding solution (hu- 
man cord serum, beef embryo juice and saline) about three times a week 
showed a steady but slow growth of muscle fibers until they were many 
times the length of the original short pieces in the explant. Here there 
is a great increase in protoplasmic mass without cell division. Most 
fibers lose the cross striations when they first grow out. 

Some types of cells such as fibroblasts and malignant cells often 
show mitotic division of the nucleus without division of the cytoplasm. 
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Each nucleus grows to about average size and the cytoplasm or at least 
the entire cell becomes about double the usual size. There is considerable 
evidence that cells, especially fibroblasts and sarcoma cells, increase in 
size after some days in roller tube cultures when the medium is especial- 
ly favorable. This might be looked upon as temporary growth because 
in an unfavorable medium they may decrease in size. 


GROWTH AND CELL DIVISION 


During development most of the growth results from cell division 
and increase in the mass of the daughter cells. All types of embryonic 
cells proliferate except the mature red cells and granulocytes of the 
blood. Proliferation ceases before or at the adult stage of each organ 
or tissue except for certain special tissues which vary with the species. 
The amount of proliferation which each type of cell undergoes is lim- 
ited by an exquisite control mechanism. Among the higher vertebrates, 
nerve and skeletal muscle cells cease to proliferate about the time of 
birth. Certain types of cells, such as ectoderm, hair follicle cells, stem 
cells of the blood corpuscles and monocytes continue to proliferate in 
vivo throughout life. Other types such as fibroblasts, endothelium, 
cartilage and bone retain this ability and exhibit it during wound heal- 
ing. Some types seem to be unable to proliferate within the body after 
they have attained their mature state and repair after ablation either 
does not occur, as with nerve cells, or takes place by growth in size of the 
cells left behind as with liver cells. 


In tissue cultures cells are released from the control mechanism and 
their proliferative capacity can be tested provided the proper nutritive 
medium and physical environment are supplied for each type. Numer- 
ous technical difficulties are encountered. Many types of embryonic 
cells divide and increase in number for varying periods of time in 
various media and a number, fibroblasts, monocytes, and epithelium 
from various organs have been cultivated long enough to indicate that 
they have the capacity of unlimited proliferation, even in pure cultures. 
It is not surprising that embryonic cells multiply readily in cultures 
since they come from tissues where proliferation is normally taking 
place. It is quite probable that most if not all types of embryonic cells 
can be cultivated indefinitely if started at the proper stage of differen- 
tiation. 


Among the adult cells, fibroblasts, endothelium and monocytes show 
the greatest powers of proliferation and multiply as readily as do those 
from the embryo, after they have been cultivated for a short time. In 
the body these cells retain their capacity to proliferate during life. 
Various types of adult epithelial cells have been cultivated for short 
periods and it is not certain just which types can be carried long 
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enough to indicate that they still retain the capacity for unlimited 
multiplication in vitro. It will be important to determine if the types 
which seem to lose this capacity in the adult body, can with suitable 
media be induced to proliferate indefinitely in vitro. It is probable 
that some adult cells, such-as nerve cells, liver cells and the granulo- 
cytes of the blood have lost forever the power of proliferation. 


Malignant cells come from normal ones that have been permanently 
modified. Their principal characteristic is uncontrolled growth in the 
body. They are new species of cells for which no control mechanism 
has been developed. They are as a rule readily cultivated and exhibit 
unlimited proliferation in vitro. Malignant fibroblasts do not, how- 
ever, multiply more rapidly than normal ones. They maintain 
indefinitely under cultivation their peculiar cytological and cultural 
characteristics and their malignancy. 


MEDIA 


Unlimited multiplication of normal cells was first obtained by 
Carrel in a medium consisting of blood plasma and embryo juice. Blood 
plasma alone did not suffice. Many media have since been devised with 
blood plasma, blood serum, embryo extract and physiological saline 
solutions. They usually consist of a plasma clot and a feeding solution. 
The fluid part of the medium must be withdrawn and fresh fluid sup- 
plied at frequent intervals. The cell colonies are usually washed and 
transferred at intervals to fresh plasma. The rate of growth can be 
varied by altering the proportions of plasma, serum, juice and saline 
and by varying the intervals of the application of fresh media and 
transfer to fresh plasma. 


Most cultures cease to grow in a few days if the feeding solution is 
not renewed, not necessarily because the food is exhausted but presum- 
ably because of the accumulation of waste products and perhaps of 
inhibitive substances. Even when the feeding solution is renewed 
cultures often cease to grow after a more or less prolonged period. 
Replanting of the colonies, during which numerous cells are injured 
and killed, seems to rejuvenate the cells, somewhat as in wound healing 
and regeneration. 


Heterologous plasmas, serums and embryo extracts are often more 
suitable than similar ingredients from the same species or even the same 
animal from which the tissue is taken. 


Various substances have been added to or substituted in part or in 
entirety for the serum or embryonic extract with the idea of stimulating 
or retarding growth. It is not always clear in the reports of some inves- 
tigators whether the growth referred to is due to cell division ora 
combination of cell division and cell emigration from the explant. 
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There is often quite extensive cell emigration without much of any cell 
division. The emigration does not constitute growth. 


ARTIFICIAL MEDIA 


The utilization of such complex media as blood plasma, blood serum 
and embryo juice gives no particular information as to the exact chemi- 
cal requirements for the synthesis of protoplasma which is the basis of 
growth. The importance of creating media of known physico-chemical 
constitution has long been realized and various investigators have 
tackled this most difficult problem. Two types of media have’ been 
sought, one which will maintain cells in a healthy condition for long 
periods without much of any proliferation and one which will stimulate 
or support cell proliferation or growth indefinitely. Carrel and Baker 
and Ebling, Vogelaar and Ehrlichman and others have long experi- 
mented with artificial media but none have yet been devised which quite 
take the place of a plasma-serum-embryo juice-saline mixture for long 
continued growth. Most artificial media retain the plasma clot for 
which no good substitute has been devised. Some sarcoma cells, how- 
ever, will grow indefinitely directly on the glass without any plasma 
and with only a fluid medium of serum-embryo juice and saline. Arti- 
ficial media should be tested out on cells which do not need the plasma 
clot. 


Amino acids added to the usual saline solutions are inadequate. 
Protein digests stimulate cell proliferation especially in the presence of 
a little serum. Vogelaar and Ehrlichman have devised a medium con- 
taining Witte’s peptone, thyroxin, hemin, cysteine, glucose and insulin 
in suitable saline in which cells have been cultivated for a year. The 
cells were embedded in plasma clots. Baker has devised a more complex 
medium, based on that of Vogelaar and Ehrlichman but including 10% 
serum, which apparently stimulates more cell proliferation and is 
nearly as good as an embryo-juice medium. This medium contains in 
addition to the serum and the substances in the medium of Vogelaar 
and Ehrlichman, glutathione and vitamines A, D and C, the latter in 
the form of crystaline ascorbic acid. Phenol red is also added as an 
indicator of the ph changes. 


DIFFERENTIATION 


Differentiation is a difficult term to define. We often begin using 
a term for a complicated process and later as our knowledge increases 
we find the term no longer fits because the original process turns out to 
be a series of independent ones. Bloom, 1937, has discussed, in his ex- 
cellent review, “Cellular Differentiation and Tissue Culture” some of 
the difficulties involved in the use of the term differentiation. He 
points out that “the factors involved in the production of liver cells are 
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not identical with those leading to the formation of a liver, in spite of 
the fact that the term differentiation has often been used for both pro- 
cesses.’ The formation of a liver having its special form and internal 
configuration of liver cells, blood vessels, connective tissue, ducts, and 
nerve fibers, is certainly not the same as the formation of liver cells 
from primitive ones of the gut. It would be better perhaps to use the 
terms cytogenesis for the differentiation of cells and morphogenesis 
or organdgenesis for the differentiation of organs, and avoid confusion. 
Bloom solves the difficulty by using the term “cellular differentiation”’ 
which he defines as ‘‘the process which results in specialization of a cell 
as measured by its distinctive actual and potential functions.” He 
carefully avoids defining the “process” and I am not sure that enough 
is known about the process to define it. 

All ova probably contain several sorts of cytoplasm of different 
chemical constitution which become more or less segregated during 
cleavage. After this initial segregation, which is probably incomplete, 
into distinct groups of cells other processes take place, or perhaps are 
already going on while segregation is occurring, which alter the chemi- 
cal constitution of the cytoplasm, differently in different groups of 
cells. This rather slow continuous or discontinuous change in the 
chemical constitution of the protoplasm is cellular differentiation and 
proceeds until the mature state is attained. How much of this chemical 
change is due to reactions within the cytoplasm, how much to reactions 
between nucleus and cytoplasm and how much to reactions between cell 
and environment is unknown. The problem as to whether or not the 
end products of the process as found in the normal organism are 
irreversible or reversible or capable of further change or as to whether 
the intermediate products have other potencies is a different one from 
that of cytogenesis although it may throw great light on it. 


Just when the differentiation of any particular type of cell begins is 
obscure. Does the differentiation of a liver cell begin during cleavage 
or not until the bulge appears on the endodermal wall? It seems quite 
probable that reactions are already proceeding in the ovum that are 
essential for the future production of a liver cell. The point of deter- 
mination when one can point to a cell and state that it will differentiate 
into a liver cell and nothing else, under normal conditions, is probably 
preceded by a set of chemical reactions within the cell and between the 
cell and its environment. From the point of determination to the 
mature condition still further reactions presumably occur within the 
cell and between it and its environment. 

If we accept for the moment the idea that cell-differentiation or 


cytogenesis is a series of chemical alterations of the cell protoplasm and 
ask ourselves what contributions tissue culture has made to the subject. 
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we find that nothing fundamental has been added. This is not 
surprising, considering how little other much older methods have 
contributed. Experimental embryology revealed years ago, before 
tissue culture was invented, that isolated groups of partially differen- 
tiated cells transplanted to other embryos could undergo a considerable 
amount of differentiation and morphogenesis. The same sort of 
procedure has been repeated in tissue cultures with similar results. The 
in vitro experiments eliminate any reaction between the entire embryo 
and the explant subsequent to the explantation, but the explants contain 
more than one type of primitive cell and it is quite possible that part of 
the differentiation is due to some reaction between the types as has been 
revealed in experimental embryology. 

One of the problems of tissue culture is the induction of differentia- 
tion in pure cultures of immature cells in media of known chemical 
constitution or in a neutral medium such as blood plasma, serum and 
embryo juice to which is added known chemicals. 

Among the various types of cells which have shown some differentia- 
tion in cultures are kidney epithelium, chondroblasts, osteoblasts, heart 
muscle, skeletal muscle, red blood cells, granulocytes, nerve cells, re- 
tinal cells, ear vesicle cells, lens cells and adrenal cells. 


DEDIFFERENTIATION 

Although dedifferentiation is somewhat aside from our main theme 
it may be well to turn aside for a moment to consider the subject, 
especially because of the great contrast between cellular dedifferentia- 
tion and morphogenic dedifferentiation. Morphogenic dedifferentia- 
tion is rampant in every long continued culture. The outgrowth of 
kidney or thyroid epithelium in the form of sheets of cells is marked 
morphogenic dedifferentiation but not necessarily cellular dedifferen- 
tiation. In the same culture there may occur in one region an 
outgrowth of kidney tubules and in another the outgrowth of sheets of 
cells. Skeletal muscle loses some of its morphology when the muscle 
fibers extend out from the explant as long strands. The disappearance 
of the cross striations has often been considered as an indication of 
dedifferentiation. This, however, may be due to a change in the 
physical state of the cytoplasm for there is no indication even after long 
cultivation that the muscle attains an indifferent state. The fate of 
heart muscle has been investigated and reinvestigated by competent 
observers but there is still doubt as to whether it dedifferentiates into 
fibroblasts. There are numerous reports that endothelium, chondro- 
blasts and osteoblasts also dedifferentiate into indifferent cells called 
fibroblasts. After some weeks of cultivation these cells seem to love 
their ability to form capillaries or cartilage or bone and change into 
fibroblast-like cells. There is no proof, however, that the potencies of 





8 WARREN H. LEWIS 


the apparently dedifferentiated cells have altered ; that the fibroblast- 
like cells from heart muscle, for example, can form collagenous fibers 
or that they can redifferentiate into endothelium or chondroblasts or 
osteoblasts or any other type of cell. The tissue culture technic has not 
and may never develop to the point where the differentiation potencies 
of such loose wandering cells can be controlled. Cells seem to retain 
their specific characteristics longer in media that do not stimulate cell 
division than in media which promote active multiplication. Whether 
or not there exists in cultures an antagonism between cell division and 
differentiation is yet to be proved. In the body the multiplication of 
highly differentiated cells occurs during growth and later in life in 
certain special types of tissues without any signs of dedifferentiation. 
In cultures epithelial cells, monocytes and macrophages, fibroblasts, 
endothelium and others divide without losing their specific characteris- 
tics. Various types of malignant fibroblasts or sarcoma cells can 
multiply indefinitely without losing their peculiar cytological and 
cultural characteristics and their malignancy. Endothelial cells are 
easy to recognize when they form part of a capillary plexus but when 
morphogenic dedifferentiation sets in and the plexuses disappear and 
free the individual endothelial cells, they are not easily distinguished 
from the ever prevalent fibroblast. The fact that the endothelial cells 
are no longer able to maintain their usual or typical morphological re- 
lationships under the new and peculiar environment does not necessarily 
imply that they have dedifferentiated, even though they scatter out as 
individuals in the culture and multiply, for they can still be recognized. 
One might maintain even though the cells are recognizable that there 
has occurred a certain amount of dedifferentiation because they no 
longer form capillaries. In reply it can be stated that morphogenesis 
depends upon a complex series of reactions between different tissues 
and that in the migratory or outgrowth zone the factors necessary for 
the formation of plexuses are not present after the cultures have been 
carried on for a short time. In the embryo and the adult the vascular 
pattern is profoundly modified by the rest of the organ; its morpho- 
genesis is determined or moulded by its environment. It may be that 
various types of cells which seem to lose some of their specific characters 
in cultures are not really dedifferentiated but suffer from loss of mor- 
phological relationships and altered nutrition. 

It has frequently been claimed that in tissue cultures monocytes and 
macrophages change into fibroblasts and fibroblasts into monocytes and 
macrophages. The evidence for this seems to me rather flimsy and by 
no means acceptable. Monocytes are so different from fibroblasts that 
the transformation of one into the other would be quite a remarkable 
event and any one claiming that it occurs should offer unimpeachable 
evidence. 
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MORPHOGENESIS 


Morphogenesis is concerned with the development of the form of the 
entire organism and every part of it. It is distinct from growth and 
cytogenesis. Morphogenesis, cytogenesis and growth usually progress 
simultaneously. In cultures growth, that is increase in protoplasm, 
occurs without morphogenesis or differentiation. In morphogenesis 
there is a marked inter-relationship between the various organs and 
tissues, especially adjoining and interdigitating ones. The dominating 
factor in organogenesis is the particular type of cell involved. No organ 
can attain its mature form without an adequate blood supply, connec- 
tive tissue support and mechanical interplay with adjacent structures. 
Hormones and hormone-like substances undoubtedly play an essential 
role. 


There are many examples of organogenesis in cultures. Blood ves- 
sels, kidney tubules, eye, lens, ear, neural tube, brain, spinal cord, 
cerebral and spinal ganglia, heart, skeletal parts, teeth, feather buds. 
notochord, myotomes, liver, pancreas and sex glands have all been seen 
to undergo more or less morphogenesis. The products are usually dis- 
torted and the time required considerably lengthened. A few organs, 
such as chick femora and kidney tubules, rat and rabbit tooth germs 
may for a time develop like normal. As already noted long continued 
cultivation ultimately results in complete dedifferentiation of form. 
The results obtained depend upon the organs involved and the stage of 
development at the time the tissues are removed for culture and various 
other factors such as media, the type of culture employed and the tech- 
nic used. 


CELL DIVISION 


Tissue culture offers a convenient method for the study of cell 
division. The study of fixed and stained material has given us a vast 
array of facts concerning the process and the sequence of events from 
the migration of the centrosomes to the full grown daughter cells. 
Neither the fixed material nor the study of living cells have given any 
information concerning the factors which initiate cell division. Ina 
good medium cells divide more frequently than in a poor one. Strange- 
ways found that in some of his cultures the time from the beginning of 
one division to the beginning of the next was between 11 and 12 hours. 
This is more rapid than in the usual good culture. 


Various measurements have been made on the duration of the dif- 
ferent phases of mitosis. Ordinary fibroblasts have been examined 
most carefully. The duration of prophase is somewhat uncertain 
because of the difficulty of recognizing the beginning of the process. 
The initial step in cell division is probably the migration of some of the 





10 WARREN H. LEWIS 


centrosome material to the opposite pole of the nucleus. This has not 
been noted in cells of tissue cultures. It probably begins long before the 
nuclear changes become visible. I have made repeated attempts to fol- 
low the migration but so far unsuccessfully either under the eye or in 
motion pictures. The centrosome is recognizable in favorably spread 
out cells. This migration can be seen clearly in a motion picture of the 
early cleavage of a monkey egg, which will presently be shown. Here 
some of the granular centrosphere material, which fortunately photo- 
graphs darker than any other part of the egg, begins to migrate toward 
the opposite pole of nucleus about two hours before the blastomere 
begins to divide. The migration is completed in about 30 minutes and 
the two centrosomes which now lie on opposite sides of the nucleus then 
immediately divide. The nucleus then disappears from view and the 
changes which go on in it cannot be seen. 


The fibroblasts of chick embryos show considerable variation of the 
duration of the various phases of mitosis. Prophase probably takes 
from 30 to 60 minutes. It is difficult to recognize or to find cells that 
show the first appearance of granules or chromosomes in the otherwise 
clear nucleoplasm, which is the first recognizable change. Most obser- 
vations begin some time after prophase has started when the nucleus is 
quite granular. Metaphase lasts from 1 to 15 minutes, usually about 


3 minutes. Anaphase takes from 2 to 3 minutes and telophase 1 to 2 
minutes. Adult mouse and rat fibroblasts take about twice as long for 
metaphase, anaphase and telophase. Malignant ones which are as 
a rule considerably larger than normal ones usually take about twice 
as long as the normal adult fibroblasts. We have no information con- 
cerning the various factors which determine the length of time involved 
for the various phases. Size may be one of the factors. The first telo- 
phase of the rabbit egg takes about 12 minutes, the second ones about 6 
and the third series about 3 minutes. Thus, as the cells become 
approximately one-half and then one-quarter the size of the undivided 
egg, the cleavage time varies correspondingly. 


As one follows under the eye the sequence of events during the div- 
ision of a fibroblast, the first notable change is the slow appearance of 
granules (chromosomes) in the otherwise clear nucleoplasm. Almost 
simultaneously the cell processes begin to withdraw. By the time the 
chromosomes reach their maximum visibility in prophase the 
nuclear wall and the nucleoli have disappeared. At the same time the 
cell processes are usually completely withdrawn and the cell tends to 
become spherical This is probably the result of an increase in the 
viscosity of the plasmagel layer of the processes and cell body which 
results in an increase of the contractile tension of the layer. Sometimes 
apical processes remain more or less extended throughout division. The 
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shifting of the chromosomes into the metaphase plate can be followed. 
They undergo a slow oscillation back and forth in the plate for short 
distances toward the poles. The motion is so slow that it can be fol- 
lowed only with difficulty and probably would not have been noted 
except for the fact that it is one of the most prominent features in 
motion pictures where motion is speeded up 80 times. These will be 
shown presently. These cells do not show spindle fibers; the spindle is 
clearly visible in many of the cells. The splitting of the chromosomes 
and the movement of the two groups to their respective poles is-easily 
followed. The nongranular interchromosomal mass increases in length 
as the chromosomes move to the poles. It stands out in marked contrast 
to the surrounding cytoplasm with its mitochondria, fat globules and 
other granules. 


As the two groups of chromosomes move apart the cell, which is 
bilateral, becomes elongated and flattened in the equatorial region. 
The cleavage furrow then appears and advances until the two daughter 
cells are separated except for a slender connecting band which usually 
remains until the two cells move apart and stretch the band until it 
breaks. It seems quite probable that the flattening, the elongation and 
the cleavage are due to the autamatic contraction of a thickened équa- 
torial band of the superficial plasmagel layer which all active cells 
probably possess. Mast’s masterly elucidation of the role of the super- 
ficial plasmagel layer in the locomotion of the amoeba furnished the 
key for an understanding of the same process in the cells of tissue 
cultures. Mast suggested that the tension exerted by the plasmagel 
layer is due to its being stretched by the osmotic inhibition of fluid by 
the inner more fluid plasmasol. Most colloidal gels, however, auto- 
matically exert contractile tension. Some exert enough tension to flake 
off glass from the inner wall of a vessel in which they set. Since 
cytoplasm is a colloid it seems safe to assume that it automatically 
exerts contractile tension when it gels. There are many indications 
that cells possess a superficial plasmagel layer and a more fluid central 
plasmasol. 


This layer seems to play an important role in changes of cell form, 
in locomotion and cleavage. Chalkley in his paper on “The mechanism 
of cytoplasmic fission in amoeba proteus” states that “general cell loco- 
motion and cytoplasmic division may be intimately related as to 
mechanism.” He also states that “with the approach of the daughter 
nuclei to the surface the elastic strength of the plasmagel layer will be 
sharply lessened in their immediate vicinity. The greater elastic 
strength of the plasmagel at the equator will result in the gradual con- 
striction in this region. This will press the plasmasol into these 
weakened areas and polar pseudopodia will protrude. With their 
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attachment to the substrate locomotion will be initiated and the cell will 
elongate. The streaming of the cytoplasm will carry the nuclei outward 
and their continued activity will maintain opposing polar regions of 
low tension in the plasmagel. The locomotion mechanism posited by 
Mast will thus be brought into play and maintained in opposite direc- 
tions, and will result in the continual narrowing and stretching of the 
equator of the cell by traction of the daughter cells, until the cell is 
parted and fission is complete.” 


The fission of ordinary fibroblasts is strikingly similar to that of the 
amoeba. My interpretation of the process differs somewhat from that 
of Chalkley’s It seems quite probable that the important factor is an 
increase in the viscosity or in the thickness of the equatorial region of 
plasmagel layer which would automatically increase the contractile 
tension and produce the furrow. The constriction thus corresponds to 
the constriction rings which develop on migrating lymphocytes and 
other moving cells. The plasmagel layer of active cells is continually 
undergoing local changes in viscosity with the resulting changes of 
form. Pseudopodia are thrust out at local areas of low viscosity by the 
contraction at areas of higher viscosity which forces the more fluid 
endoplasm out at the weaker areas. Progressive locomotion occurs when 
the changes are polarized. 


The cleavage of egg cells seems to depend entirely on the progressive 
increase in the viscosity of an equatorial band of the plasmagel. Mars- 
land subjected Arbacia eggs to hydrostatic pressures which produce 
liquefaction of gels. ‘Above 350 atmospheres no furrow can form and 
previously formed but incomplete furrows undergo recession. The ef- 
fects upon the consistency of the plasmagel and upon the progress of the 
furrow are immediately reversed when the pressure is released.” 


In the motion pictures where one can follow the pinching in two of 
fibroblasts, it is often possible to recognize a thin peripheral layer of 
hyaline cytoplasm, the plasmagel layer, and between it and the inter- 
chromosomal mass of nongranular stuff, a zone of granular cytoplasm, 
the endoplasm, often containing a row of fat globules across the equator 
in the region where the furrow will form. As the plasmagel layer 
contracts to form the slowly deepening furrow the granular layer is 
bent inward and the interchromosomal mass is divided as the granular 
layer meets and fuses at the bottom of the furrow. As the furrow 
deepens still more, the granular layer is in turn divided and the plasma- 
gel meets and fuses to form a clear band which temporarily connects 
the two daughter cells. The diameter of the band gives one some idea 
of the thickness of the plasmagel in this region. The connecting band 
of plasmagel corresponds to the tails of the migrating lymphocytes and 
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neutrophiles which are formed by the clamping down of the constric- 
tion ring at the posterior end of the migrating cell. 

It thus seems quite evident that the plasmagel layer plays as an im- 
portant role in cell fission as it does in cell locomotion. 

The motion picture shows other interesting phenomena. The prom- 
inent bleb formation which occurs during telophase is readily noted. 
The blebs which project from the surface of the cell come and go with 
considerable rapidity. They consist of clear fluid and are presumably 
covered by an interface membrane. There is no indication that the fluid 
escapes to the outside. They appear at the time when the equatorial 
plasmagel band is exerting considerable contractile tension and it may 
be that some of the thin clear endoplasmic fluid is forced outward 
through pores of the plasmagel under the interface surface membrane 
stretching the latter until an equilibrium is established. The pores of 
the plasmagel are small enough to hold back practically all the granules 
of the plasmasol or endoplasm. 

Another phenomenon scarcely to be observed with the eye but readi- 
ly seen in the motion picture is the oscillation of the chromosomes in 
the metaphase plate. The individual chromosomes oscillate indepen- 
dently of one another in paths between the poles but only for a short 
distance in and out of the median plate of chromosomes. If one assumes 
that each chromosome is connected to each pole of the spindle by gelated 
bands one can explain the oscillations by variations of the viscosity of 
the bands on the two sides. After the chromosomes have split and have 
begun to move toward the poles oscillations cease. 

I wish to call your attention to another phenomenon, the splitting up 
of nucleoli into chromosomes or parts of chromosomes during prophase. 
The significance of the nucleoli has until recently been a mystery. Re- 
cent work on certain plants and on the fruit fly have shown that they 
are parts of chromosomes which do not disappear as the nuclei of the 
daughter cells enlarge. The motion picture shows the gradual appzar 
ance during prophase of the chromosomes and the splitting of the 
nucleoli into similar bodies. Soon after this occurs the chromosomes 
suddenly become much agitated. The agitated chromosomes form 
independent groups, their centers corresponding to the location of the 
disintegrating nucleoli. This nucleolar grouping of the chromosomes 
may continue until the latter become arranged in the metaphase plate. 
It seems quite probable that the nucleoli consist of parts of several 
chromosomes that become clumped together in the early daughter nuclei. 
The clumping is probably somewhat accidental because the number, the 
size and the location vary with each cell. I have yet to see any two cells 
with the same nucleolar pattern. The nucleoli of the daughter cells 
which I have examined have never been exactly similar to the parent 
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cell or to each other. The nucleoli have been followed for many hours 
in numerous fibroblasts and they have always remained unchanged as 
regards number, size and location. Individual cells can be recognized 
by their individual nucleolar pattern. It is probable that this pattern is 
maintained throughout the resting period if the cells remain in good 
condition. 




















GLUTATHIONE OF BODY TISSUE EXTRACTS 
IN RELATION TO GROWTH AND 


HEREDITARY SIZE 
(An Abstract) 


By 
P. W. GREGORY 


University of California, Davis, California 


This report presents a review and summary of studies by the author 
in cooperation with Dr. Harold Goss and other collaborators concerning 
glutathione concentration of tissue extracts in relation to hereditary 
size and growth. 

The summary includes four different series of experiments. The 
first series concerned comparative glutathione values of races of rabbits 
and chickens differing in genetic constitution for adult size. Glu- 
tathione was determined in deproteinized tissue extracts and all values 
are expressed as mg. per cent. All rabbits analyzed were fasted, and 
glutathione values were determined from 48 to 50 hours after birth. It 
was found that young from the Polish race which were destined to 
develop into adults of low weight, had a low concentration of 
glutathione in their body tissues. Flemish young which were destined 
to develop into adults of large size had a high concentration of 
glutathione in their body tissues. F, hybrids between the Polish and 
Flemish races which were destined to develop into adults intermediate 
in weight, were intermediate in glutathione concentration. F, Flem- 
ish-Polish hybrids back-crossed to the Flemish race produce what may 
be called three-quarters Flemish. These rabbits are destined to develop 
into adults that are intermediate in weight between the F, hybrids and 
the Flemish race. Here again the glutathione value of the three- 
quarters Flemish is intermediate when compared with that of the 
parents. The differences in glutathione values between these four 
populations are statistically significant. 

Comparative glutathione studies were made on Barred Plymouth 
Rock and Single Comb White Leghorn embryos. The females of the 
Rock race had a mean adult weight of 2894 grams while the mean adult 
weight of the Leghorn females was 1929 grams. The glutathione values 
of the Rock embryos from 5 to 19 days of incubation were slightly but 
consistently greater than those of the Leghorn embryos of the same age 
incubated at the same time under similar environmental conditions 
Post-hatching studies of Rock and Leghorn chicks from 2 to 14 days of 
age reveal that differences in glutathione values during embryonic 
development continue to persist for at least two weeks after hatching. 

The second series of experiments concerned glutathione relationships 
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of two qualitative genes in fowls, Cornish lethal and Creeper, both of 
which are lethal in the homozygous state and retard the rate of growth. 
The influence of these two genes was investigated from 14 to 19 days 
of incubation. The homozygous Cornish lethals were definitely re- 
tarded in weight, and the glutathione values were significantly lower 
than those of their normal sibs. The heterozygous Creeper embryos on 
the other hand were not retarded in weigth from 14 to 19 days of incu- 
bation when compared with normal sibs, nor were there any differences 
in glutathione values between the two groups during this period. 

The third series of experiments concerned the effect of food intake 
of new born rabbits on the glutathione concentration. Immediately 
before parturition New Zealand Red does were placed in a special 
materrity cage that would not permit the new born young to nurse. 
After parturition each litter was divided. Half of the litter was re- 
turned to the mother and permitted to nurse; the other half was not 
permitted to nurse. Fifty hours after birth glutathione determinations 
were made on the whole carcass of individuals of each group. The 
group that nursed and was increasing in weight had a mean glutathione 
value of 56 = 1.5 mg. per cent. The fasted group which was losing 
weight had a mean glutathione value of 27.7 + 0.5 mg. per cent. 


The fourth series of experiments summarized concerned the relation- 
ship of the hypophyseal growth hormone to growth and glutathione 
concentration. Female rats which had reached growth stasis were 
divided into two groups and paired as to weight. In the first experi- 
ment one group of rats was injected daily for 15 days with 1 cc. of 
potent hypophyseal growth hormone preparation and the control group 
was injected with a heat-inactivated solution of the same hypophyseal 
preparation. The rats receiving the potent hormone increased in weight 
during the period of injection while the rats receiving the inactivated 
hormone did not increase in weight. After 15 days of injection both 
groups of rats were killed and samples of liver and muscle were 
analyzed for glutathione. The rats receiving the potent hormone had 
a significantly greater concentration of glutathione in muscle tissue 
when compared with controls. In this experiment the glutathione 
values of liver were highly variable, and less conclusive than those ob- 
served for muscle. The group receiving the potent hormone, however, 
exhibited a tendency toward a slightly greater glutathione concen- 
tration. 


In the other experiments involving the hypophyseal growth hormone 
glutathione determinations were made after a single injection of the 
nypophyseal preparation. Mature female rats were paired as to weight, 
and one member of the pair was injected with the potent hormone and 
the other member of the pair, the control, was injected with the heat- 
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inactivated hypophyseal preparation. Glutathione determinations of 
muscle and liver tissue were made 8, 12, and 24 hours after injection. 
In the single injection experiments it was found that the glutathione 
value of the muscle tissue is slightly but consistently lower in the rats 
receiving the potent hormone while in the liver tissue the glutathione 
concentration is markedly reduced over that of the controls. Substan- 
tially the same results were obtained when this experiment was repeated ° 
with rabbits. In rabbits, however, there appears to be a greater reduc- 
tion of glutathione in the muscle tissue. These single injection 
experiments were interpreted on the basis of the work of Schaffer and 
Lee. They found that a single injection of the hypophyseal growth 
hormone reduces the amount of non-protein nitrogen in the tissues of 
rats. They concluded that the hypophyseal growth hormone was a 
stimulus to protein anabolism and that the non-protein nitrogen was 
synthesized into protein. Glutathione is included in the non-protein 
nitrogen fraction and we assume that the low glutathione values in our 
single injection experiments resulted from the synthesis of glutathione 
into protein. It should be emphasized that in all the experiments in- 
volving a single injection of the hypophyseal growth hormone, the 
animals that receive the potent hormone had lower glutathione values in 
both muscle and liver tissue. On the other hand in the experiments 
involving daily injections for 15 days the group that received the potent 
hormone had the greater glutathione concentration. When rats are 
injected for 15 days, those receiving the potent hormone consume ap- 
preciably more food than controls which receive the heat-activated 
hypophyseal preparation. Here again, differential food consumption 
over a period of several days is apparently an important factor when 
related to the amount of glutathione in the tissues. 

These four series of experiments indicate that glutathione concen- 
trationein body tissues is correlated in some manner with growth and 
hereditary size. The relationship can be demonstrated when growth is 
regulated: (1) by quantitative genes that control adult weight: (2) 
when qualitative genes retard the growth rate; (3) when the growth 
rate is controlled by nursing (food intake) and; (4) when growth is 
induced by means of the hypophyseal growth hormone. More detailed 
interpretations regarding the relation of glutathione to cell prolifera- 
tion and protein synthesis together with a bibliography may be found 
in other reports by the author. 























RECENT WORK ON THE RELATION BETWEEN 
GENES AND DEVELOPMENTAL: PROCESSES 
By 
CURT STERN 
University of Rochester, Rochester, N. Y. 


From the very beginning of work in genetics it had, of course, been 
realized that a close relation exists between the genetic determiners and 
the developmental processes which take place under given hereditary 
constitutions. Although these developmental aspects were neglected 
for some time due to the rich harvest which the study of the mechanism 
of gene transmission yielded, they were never completely lost sight of. 
To mention a few examples—in 1903 Cuenot proposed chemical 
hypotheses to account for the developmental actions of coat color genes 
in mice, in 1909 Woltereck spoke of inheritance as providing a certain 
‘norm of reactions” which lead to a given phenotype, in 1909 Onslow- 
Wheldale (see Scott-Moncrieff ’36) laid the foundation for a biochemi- 
cal analysis of genetically determined flower colors and Goldschmidt 
more than 20 years ago began to urge the necessity of a dynamic 
physiological genetics. Investigations of this type have gradually 
increased in number and variety. Nevertheless a reviewer finds a 
difficult task before him due to some intrinsic characteristics of the 
problem “genetics and development”. There have been many who 
complained “If only the amphibians, ideal for developmental studies, 
were more easily accessible from the genetic angle!’’ and who added, 
“if only Drosophila, revealer of genetic secrets, could be treated in the 
embryologist’s fashion”. These voices have been silenced. Developing 
Drosophila can be subjected to transplantations and injections, and 
salamanders have started to yield to genetic analysis. However, the 
millenium has not arrived. It should not surprise us that this is so. 
The connection between a gene of the developing embryo and a particu- 
lar phenotype of the adult or between a gene in any cell and its 
expression within the same cell may be a long or short one. It may 
involve one step or many, a chain of physical, chemical or more general- 
ly named “developmental” reactions, or a multidimensional network 
involving the participation of many genes and their derived reaction 
products. Can we expect one general theory to cover all links, or one 
specific finding throw light on each of them? Generalities such as the 
picture of a network of developmental interactions which are dependent 
upon gene activity or more specific ideas of genes as controllers of 
developmental rates are useful as outlines of the problem. It may be 
predicted, however, that no single formula, such as that furnished by 
the chromosome theory for the mechanism of hereditary transmission, 
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will be found to unify all observations on the connection between gene 
and character. 


Accordingly the present review attempts to present some aspects of 
the problems involved and recent advances in dealing with them, rather 
than to discuss an imaginary single problem. 


One of the fundamental problems of physiological genetics is that of 
the time of action of genes, where “gene action” is defined by any 
change brought forth under the influence of a gene in its immediate 
surroundings. Stated this way, it is generally implied that there are 
specific periods of gene activity and that the orderly sequence of de- 
velopment processes is a consequence of an orderly timed gene activity. 
Concomitantly this problem involves the place of gene action within 
the developing organism. Do all representatives of a given gene in al! 
cells act simultaneously, or do they become active only at different 
times and in restricted regions of the embryo? Few actual data bear on 
these questions. It is known that some genes produce phenotypic effects 
very early in development. The extreme limit has been observed in the 
reactions and phenotypes of some plant gametes and spores, in which 
the newly acquired genic constitution exerts an effect before the first 
nuclear division or within the time required for a few division steps 
(see Stern 38). In the more complex embryology of animals, early 
effects upon the rate of cleavage in rabbits have been observed “at the 
3rd to 4th cell division (Gregory and Castle, ’31). Many cases of 
early larval influences by paternal genes could be cited from the effect 
on the skeleton of echinoderm larvae to that on the embryonic mem- 
brane of silkworms and the coloration of the malpighian tubules in 
Drosophila not yet hatched from the egg. While it is easy in these 
cases to place the beginning of gene-activity within a short maximum 
period, it is difficult to assign its termination. If we knew that each 
gene had only one function in development, we might feel justified in 
regarding its activity ended—at the latest—when its dependent pheno- 
tvpe had been produced. However, both from a priori consideration 
and from evidence regarding the manifold effects of genes, such a 
singular developmental relation between gene and phenotype must be 
denied in general. Furthermore, even if a given gene should be respon- 
sible for a single effect only, we could not conclude that the elaboration 
of gene products ends at the latest with the production of the effect. We 
have to consider that a substrate has to be ready to react with a gene-de- 
pendent product so that the end of development of a phenotype may as 
well coincide with the exhaustion of a substrate as with the end of gene 
action. In general, then, the end of gene activity remains an open ques- 
tion. The determination of a supposed specific active period of the 
gene is even more difficult in the case of inherited effects which become 
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visible late in development. Obviously we are not justified in assuming 
that the gene activity starts correspondingly late, for the series of pro- 
cesses between gene and effect may be a long one. An extreme 
example may be cited from the work on maternal effects. In Drosophila 
pseudoobscura genes affecting the size of testes in the adult may do so 
by influencing the cytoplasm of the unfertilized egg, as has been shown 
by suitable crosses ( Dobzhansky, ’35). 

Another attempt to establish the time of gene activity, by the dis- 
covery of temperature sensitive periods, can not be regarded as justified. 
A temperature sensitive process may either be dependent on the activity 
of a particular gene or it may be a link in the preparation of the sub- 
strate on which the gene in question will act later. 

There is, however, one way of ascertaining a later gene activity: the 
study of certain developmental mosaics (Sturtevant, 32). If, in the 
course of development, somatic mutation or chromosomal changes occur 
in some cell and if, as a consequence, a new phenotype arises, then the 
conclusion is unavoidable that the developmental processes in this cell 
and its progeny tissue were not independent of but susceptible to con- 
trol by the changed genotype, although the processes themselves may 
have previously been initiated genetically. Most cases of mosaics in 
Drosophila and other insects belong to this category, and the phenotypic 
effect of the lately acquired genetic constitution is as strong as if it had 
been present from the beginning of development. These phenotypic 
mosaics indicate that the genic action either sets in normally after the 
time of the “mutational” accident, or that even a shortened active period 
is sufficient to produce a full effect. On the other hand, some cases are 
known where a weakened or otherwise modified phenotype results. 
Here we may face the outcome of subnormally abbreviated gene activ- 
ity or we may find that early action of the original genotype has left a 
shortage of specific substrate on which the new genotype may act. Still 
another cause for a modified phenotype may lie in the possibility of 
interaction between the genetically variant tissues in such a mosaic 
organism. 

In the study of the time of gene action lethal constitutions have pro- 
vided important evidence. A lethal genetic condition is defined as one 
leading tq the premature death of its bearer so that such individuals are 
not represented in an adult population. It has been realised for many 
vears that such a definition groups together various cases in which the 
death of the developing organism may occur at early or later stages. 
With few exceptions, accurate determinations of the time of death, how- 
ever, have been made only recently. These provide clear marking points 
for the latest possible time of action of the lethal constitution in 
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question without, of course, indicating the time of onset of activity 
which conceivably may precede by quite a while the time of death. 
Such determinations have placed the time of death in the homozygous 
yellow mouse embryo at the time of the blastula stage ( Kirkham, '19) 
in amphibian merogonic hybrids at the beginning of organ formation 
( Baltzer, 33) in Drosophila depending on various lethal conditions at 
the earliest nuclear divisions, the 20 hour embryo, the early or later 
larval periods, the time of pupation and still later, gradually grading 
into adults with poor life expectation ( Poulson, ’37, ’38; Kaliss, '39; 
Brehme, °39.). These investigations demonstrate the disturbing 
character of certain genetic conditions on important developmental 
processes—and by inference, the important function of the normal 
genetic counterpart of these lethals for successful development. The 
value of such studies is increased by the determination of the type of 
process involved and by some successful attempts of localization of the 
place of action. In many plants simple examples have long been known 
where genes responsible for abortive chlorophyll formation play the 
lethal role not by a general disturbance of all cells of the young plant, 
but by inhibiting the production of photosynthetic food materials. The 
evidence from animal development also contributes examples: the local- 
ization of lethal action within the head mesenchyme of the amphibian 
merogons already mentioned, or in Drosophila the abnormal distribu- 
tion of cleavage nuclei in the egg, or the malfunctioning of the process 
of germ layer formation in the embryo, or the degeneration of imaginal 
discs in the larva. In the latter case the effect is combined with 
abnormalities of a “pupation gland”’, the corpus allatum ( Hadorn, ’37a, 
Hadorn and Neel, 38). That these loci of visible disturbance are not 
only indicative of a generally inviable constitution but are responsible 
for death of the whole organism has been shown by explantation and 
transplantation experiments or their equivalents. Thus tissue cultures 
of lethal brachyuric mice embryos (Ephrussi, ’35) of the homozygous 
creeper fowl (David, ’36) and of lethal amphibian embryos (Hadorn, 
34) have been successfully grown beyond the normal life span of the 
doomed donor. Various other tissues of such amphibian embryos or of 
lethal stages of Drosophila have survived and undergone further 
development if transplanted to normal hosts (Hadorn, ’37b, c). It is 
obvious that the results of explantation are more critical than those of 
transplantations in showing the viability of a lethal condition outside of 
its restricted region of lethal action. In transplantation it is possible 
that the normal host tissues may supply sufficient support to an implant 
which, per se, is inviable. However, even the survival of explants may 
conceivably be due to a favorable reaction of the tissues with the 
peculiar environment of a tissue culture as opposed to a closed develop- 
mental system. 
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While it might have been predicted that lethals have specific places 
and periods of lethal action in development, a particularly fundamental 
fact has been indicated by the study of such lethals as are presumably 
active as such at all times and everywhere. In Drosophila, homozygous 
deficiencies of genes, due to actual loss of chromosome regions, in most 
cases are lethal at an early embryonic stage. In addition, it has recent- 
ly been demonstrated in this organism that a complete lack of one or a 
few genes which had been known only to be related to such phenotypes 
as eye colors, eye facet arrangement, wing size, etc., is lethal either to 
individual cells or at least to their closely related cell progeny 
( Demerec, '34, '36; Demerec and Hoover, ’36). The method employed 
in these investigations made use of aberrant chromosomal processes 
which late in development result in a homozygous deficient cell in a 
viable individual itself heterozygous for the deficiency. By using 
appropriate “marker” genes, homozygous deficient cells or cell groups 
should appear as phenotypically recognizable patches in case of non- 
lethality while their absence would indicate a lethal effect. Actually 
the presence of homozygous deficient cells was searched for in one 
tissue only, namely the hypodermis of the thorax—but in vain. The 
assumption that other tissues may be equally susceptible to the lethal 
action seems not unwarranted. Should further work confirm the sup- 
position that many homozygous gene deficiencies are “‘cell-lethal” in 
all tissues then the conclusion is unavoidable that the corresponding 
normal genes act in all cells at all periods. Exaggerating, we might 
‘consider genes as permanent reagents in cellular processes, and develop- 
ment as a by-product of such continuous activity—similar to the way 
progressive changes and deterioration in a machine are by-products of 
the intrinsic properties of its working parts. 

The concept of permanent gene activity in development as opposed to 
that of restricted activity does not increase the difficulty of understand- 
ing differentiation. The elaboration of diversity in development can 
be well imagined with an initial differentiation of cytoplasmatic 
regions of the egg cell and a constant action of genes which in their 
effect vary either quantitatively or qualitatively in varying cells. A 
certain permanent interaction between genes and substrate undoubtedly 
takes place at least as long as nuclear divisions occur. Its result is gene 
duplication. Though there may be genes whose stability and inactivity 
are insured by possessing a neighboring duplicate gene, others probably 
continue even to act as long as reactive materials of the substrate are 
not exhausted. Further elaboration of these speculations seems unwar- 
ranted. 

Having discussed the time of gene action we should now proceed to a 
consideration of the type of action. Unfortunately, we know hardly 
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more in this field than we did twenty or more years ago. As our 
information regarding gene action is derived only from a study of 
phenotypes, we deal rather with the end than with the beginning of the 
chain of reactions genes ~ phenotype. The remoteness of any inter- 
mediate step from primary gene action remains doubtful in each 
instance. Only two rather unspecific and separate pieces of evidence 
may be recorded which have become definite in recent years, and which 
may have to be taken into account in future clarification of the question 
of type of gene action and of the closely related one of the nature of 
genes. First, there is the fact that the differences between the 
effects of various allelomorphs of one type of gene are frequently of a 
quantitative order. Not only does one ‘‘bobbed” allele in Drosophila 
produce a shorter bristle phenotype than another bobbed allele, but in 
doses greater than 2 it may produce the same bristle length as the 
normal number of the latter alleles, and: vice versa (Stern, ’29). 
Another extreme genetic condition, the total absence of the gray gene, 
in Drosophila, \eads to the same phenotype as the presence of its yellow 
allele (Demerec and Hoover, ’36; Muller, ’35; Ephrussi, ’34; Stern, 
35). Instill other cases differences between the alleles of a gene group 
cannot be resolved in the simple formula “One does the same as the 
other but less or more so” (Muller, ’32). Even one and the same pair 
of genes may be distinguished by a certain quantitative relation in re- 
gard to one of its phenotypical manifestations and by a different one in 
another of its effects (Tsubina, 35). As an analogy we may recall that 
various sterols of similar constitution and of the same group to which 
the sex hormones belong, sometimes produce qualitatively, sometimes 
quantitatively different effects. 


A more fundamental enrichment of our knowledge which is closely 
concerned with the gene at the beginning of a developmental chain is 
signified by the term “‘position effect’. Discovered as a rather unique 
case in the Bar eye stock of Drosophila (Sturtevant, ’25), it has 
gradually been shown to be involved in a wide series of cases ( Dobzhan- 
sky, 36). A change in position of a gene which transposes it into 
another neighborhood within the chromosomal gene sequence often 
results in a changed phenotype. The question as to whether or not the 
event leading to the changed position—in many cases involving high 
energy radiation—may have altered the transposed gene independently 
_ of the material shift has been answered in the negative. Replacements 
or extractions of such genes by means of normal cross-over experiments 
demonstrate that the changed genic action is inseparably bound to the 
changed position. Two somewhat different interpretations have been 
applied to this phenomenon. It has been argued that genes should not 
be thought of as discrete units but as parts of a larger micellar chromo- 
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somal structure. In this view a position effect is based on the formation 
of new chemical bonds and correspondingly a new constitution within 
the chromosome. On the other hand, it has been held that the supposed- 
ly particulate gene itself remains unchanged at the new position but 
that its reaction products undergo new types of secondary reactions due 
to the fact that the primary products have been produced in close 
proximity to other genic reaction products which were before elaborated 
farther away, or that the primary gene products themselves are changed 
due to the fact that a different substrate is furnished in thé new 
position. Obviously, these different views are not exclusive of each 
other and may be realised in varying combinations in actual cases. The 
position effect then leads us near to the door behind which primary 
gene actions occur; however, the door still remains sealed. Before 
leaving this topic it may not be out of place to stress that position effects 
are not generally apparent. In no other organism than Drosophila has 
its existence been shown and even here many cases of changed position 
without recognizable developmental effect have been observed. ' 

Embryological studies have taught us that the differentiation and 
organization of cells and tissues may proceed in two different ways, 
independent or dependent upon other cells or tissues, i. e., self-differen- 
tiating or dependently differentiating. We may ask then whether 
products of specific genes may be restricted similarly to the cells in 
which they are elaborated or whether they may exert their effect upon 
other tissues. In order to answer these questions methods have been 
used equivalent to, if not identical with those of the experimental em- 
bryologist: to combine developing tissues of different genetic constitu- 
tions. This has been a fertile field of endeavour in recent years. 

It has already been indicated that combinations of genetically diverse 
tissues do occur spontaneously. These are due to mutations or 
chromosomal changes occuring in an embryonic cell which by division 
gives rise to a large or small group of cells, or to abnormal cytological 
phenomena resulting in a binuclear egg which from the outset may 
develop into a genetic mosaic. Genetic mosaics can be artificially 
produced by means of transplantation between genetically different 
donor and host individuals. 

Spontaneous phenotypic mosaics in many insects have given evidence 
of self-differentiation of the characters exhibiting the mosaic condition. 
Color of eye, wing and body, secondary sexual characters such as size 
of mandible in beetles, type of antenna or size of wings in moths, even 
primary sex characters have been found in two alternative, typical] 
phenotypes combined in the same individual. Numerous observations 


‘Since the symposium was held ‘‘A position effect in Oenothera’’, the evening primose, has 
been reported (Catcheside, D. G. 1939 J. Genetics 38:345-352). 
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on gynandromorphs and other mosaics in Drosophila have added to the 
list of gene dependent phenotypes which were resultants of the genetic 
constitution present in the cells under observation. Similarly, in mam- 
mals and birds, although the data here are less extensive, spontaneous 
mosaic coat colors or feathering characters have indicated an autonomy 
of the various skin regions corresponding to their different genotypes. 
However, some exceptions became known early, such as the vermilion 
gene in Drosophila which in many cases does not produce vermilion eye 
color if genetically not-vermilion tissue forms a large part of the 
genetically mosaic individual. Interest rightly was centered on such 
cases of phenotypic non-autonomy particularly after the elaboration of 
transplantation techniques between early developmental stages in 
genetically well known organisms. Obviously some active principle, 
dependent on a given genic constitution, must be able to penetrate from 
one genetically characteristic region to another. This penetration has 
been found to be based on three different phenomena: (1) Direct dif- 
fusion of materials from cell to cell, (2) transport of substances by 
means of the circulatory system and subsequent diffusion, (3) migra- 
tion of cells. 


We may begin our discussion with the last category. It is indeed one 
in which cellular autonomy is most pronounced but where it is not 
obvious at first sight. An example will clarify this statement. In nor- 
mal male Drosophila, of various species, we find the surfaces of testes 
and vasa efferentia highly colored. In certain mutants no pigment is 
formed in these regions. By the implantation of testes of one genotype 
into another at larval stages, it has been possible to produce adult flies 
with host and donor testes both behaving autonomously in regard to 
their coloration. However, the vasa efferentia which develop as 
outgrowths from an imaginal disc of the host larva and later join the 
testes, are dependent for their coloration on the type of testis attached 
to them. Thus a pigmented donor testis on a genetically unpigmented 
host vas produces a fully colored host vas, while an unpigmented donor 
testis leaves a genetically pigmented vas uncolored (Stern and Hadorn, 
’°39). The apparent contrast between the autonomy of pigmentation in 
the testes and its dependence in the case of the vasa, disappeared when 
an analysis showed that the coloration of the vasa is due to an external 
sheath of pigment-bearing cells which have migrated from gonad to 
duct. One might be inclined to regard this as an exceptional case. 
However, the recent work on feather pattern in birds shows that a situa- 
tion like the one described is found in taxonomically widely different 
organisms. Transplants of small pieces of skin between early embryos 
of genetically diverse chickens have yielded, in many cases, donor 
colored areas far in excess of the relative size of the original implant 
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(Willier and Rawles, 38). The first impression of a gene dependent 
diffusible substance spreading out from the implanted tissue has been 
shown to be incorrect. Several decisive experiments demonstrate that 
autonomous, migrating melanophores determine the phenotype ( Raw- 
les, ’39). 

The outcome of these experiments makes it obvious that here the use 
of genetically different tissues contributed only another case of genic 
cell autonomy. Due to this autonomy the genetically different 
chromatophores took the place of vitally stained or otherwise marked 
cells whose motions and changes could be followed. 


Turning to a specific interaction of neighboring cells of different 
genetic constitution, we shall describe one of a number of cases found 
in the parasitic wasp, Habrobracon (A. Whiting, ’34). The normal 
stock possesses a black eye pigment while the coloration in two non- 
allelic mutant stocks is ivory and cantaloup respectively. We may 
signify the phenotype black as the genotype “‘not-ivory, not-canta- 
loup,” the phenotype ivory as genotype “ivory, not-cantaloup” and the 
phenotype cantaloup as genotype “not-ivory, cantaloup”. From double 
nucleus eggs individuals have been raised which carry in one part of 
an eye the genetic constitution “ivory, not-cantaloup” and in the other 
part “not-ivory, cantaloup”. On the whole there is autonomy of pheno- 
typic expression as witnessed by a large ivory and a large cantaloup 
area. However, at the border zone between the two a strip of cells is 
neither ivory nor cantaloup but black. This finding can readily be 
explained if one assumes that a substance produced in only one of the 
two genetically different tissues diffuses into the other and thus 
reconstitutes the full effect of a “not-ivory not-cantaloup” genotype. 
The black zone shows a sharp border with the cantaloup region but 
gradually grades over an orange coloration into the ivory part. The 
orange is known as an intermediate step between full black and ivory 
pigmentation. From these facts and others it has been inferred that 
the diffusible substance is produced in the “not-ivory, cantaloup” 
region by the dominant not-ivory gene. A final proof for this plausible 
hypothesis is lacking. 

There is no sharp distinction between cases where diffusion from 
cell to cell occurs and those in which the circulatory system is the main 
carrier of gene dependent substances. In Habrobracon the eye colora- 
tion of an ivory mutant assumes an orange tone when large amounts of 
not-ivory tissue forming inner organs and including the gonads are 
present in a mosaic individual. Obviously any diffusible substance 
which is produced in large enough quantity and is not inactivated too 
quickly in the blood stream will be transported through the whole ani- 
mal where it may exert its function. Gene-dependent substances thus 
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become gene-dependent hormones. The classical case in vertebrates is 
that of the sex hormones which are under genic control in the embryo. 
Another still simpler example is furnished by a case of dwarf mice 
(Smith and McDowell, ’31). The effect of the dwarf gene involves 
the development of an abnormal hypophysis which is unable to produce 
sufficient growth hormone. Implantation of a genetically normal 
pituitary into a young genetically dwarf mouse leads to normal 
growth—proof that the dwarf gene does not disturb the reaction of 
tissue to normal growth hormone. In invertebrates hormones which 
play a role in development have been practically unknown till the recent 
work on moulting and pupation hormones. The use of transplantation 
methods as applied to genetically different races has suddenly changed 
the picture. A pupation hormone has been shown to be under genic 
control (Hadorn and Neel, ’38). Moreover, the coloration of eyes and 
testes is under control of gene dependent hormones both in the moth, 
E phestia, and the fly, Drosophila (Ephrussi, ’38; Ktihn, 38). To the 
long known examples of cell autonomy with respect to genetically de- 
termined eye color, there have now been added several gene-dependent 
hormones which are produced in tissues far away from the place where 
they interact to produce definite types of eye pigmentation. This work 
has been frequently reviewed so that we shall not discuss it further. 
We shall rather describe some transplantation experiments in plants 
which form striking parallels to the animal cases. (1) In the solanace- 
ous plant Hyoscyamus niger ( Melchers, ’37) annual and biennial forms 
are known. Breeding experiments make it apparent that the difference 
between them is due to a single pair of genes. Grafts of flowering an- 
nual branches inserted next to the points of vegetation of the biennial 
form in its nonflowering first year result in differentiation of flowers 
in the host. Likewise vegetative biennial scions on the annual host can 
be led to flowering. (2) In another series of experiments, with Petunia 
(Wettstein and Pirschle, ’38), differences between two lines in respect 
to size and shape of leaves, total growth, branching, flower size and 
shape, and differences in chlorophyll content have been shown to be 
due to a single pair of genes. Grafting results made it possible to 
separate the various phenotypic expressions of this gene into three 
groups. Total growth and the proportion of weight of leaves to weight 
of stem appear to be determined autonomously within both host and 
scion. Branching, size of leaves, and total weight are non-autonomous, 
though the influence of the two genetically different tissues is probably 
due to general nutritional conditions and herewith correlated phenome- 
na. A third type of characteristic dependent on this gene pair is the 
low chlorophyll content. In the chlorophyll defective line the impres- 
sion is gained that there is rather a destruction of chlorophyll first 
formed in development than an obvious initial deficiency. In reciproca! 
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grafts between defective and normal plants an influence originates in the 
defective tissue and spreads out over the normal tissue where it produces 
a decrease in chlorophyll content leading to a pale yellowish appearance 
in formerly green leaves. (3) Finally, in the snapdragon, Axéerr- 
hinum siculum (Stein, 39) a sterile mutant is known in which only 
vegetative growth of one main stem without side branches occurs, in 
contrast to the normal line which develops numerous flowers on many 
branches. In grafts of unbranched sterile scions on branched fertile 
hosts no influence on the branching properties of either part becomes 
visible. However, the sterile scion was led to produce reproductive 
organs. In all three cases we see evidence for gene-dependent diffusi- 
ble substances. 


This topic should not be left without a reference to the remarkable 
case of the marine alga Acetabularia (Hammerling, ’34). This or- 
ganism which may reach a length of five cm., consists of a single cell 
with only one nucleus located in the rhizoid. Reciprocal transplantation 
between two different species, of non-nucleated parts onto the nucleated 
rhizoid section, demonstrate a production of specific substances which 
diffuse from the nuclear region to the transplant and direct its further 
morphogenesis. 


It happens that the discoveries in the field of genes and plant 
development come at a time when the hormone concept in plant 
physiology is playing a continuously more important role. <A reciprocal 
stimulation will result from the use of new methods of hormone deter- 
mination on the one hand and the availability of different genetic types 
which control the production of known and perhaps not yet known 
substances. As an example of the results of such a joint analysis the 
relation between growth-influencing genes and the concentration of 
glutathione in embryos of mammals and birds (Gregory and Goss, ’33; 
Gregory, Amundson and Goss, '35) may be cited. A related case in plants 
is that of the nana (dwarf) variety of corn (van Overbeek, 35). It could 
be shown that the slow growth rate, correlated with the possession of a 
recessive gene, is caused by an unusually high degree of oxidative des- 
truction in the tissue of auxin which is produced in a normal amount in 
the tip of the coleoptile. This example might be well used to return to 
our initial remarks regarding the unknown chain between gene and 
gene dependent substances. The difference in auxin content of cells 
in normal and nana plants is gene dependent but this dependence of 
auxin on the genetic constitution leads over unknown steps of which 
only one, the oxidative destruction of the hormone, is known. It is 
with considerations of this type in mind that no very definite interpre- 
tation of the grafting results in plants has been attempted as yet. 

Deeper analyses of the relation between individual genes and their 
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effect on development most probably will be accomplished if races 
distinguished by simple gene substitutions are utilized. However, as 
long as the complexity of the problem is still overwhelming, the difficul- 
ty is not greatly increased if multiple gene differences as encountered 
in taxonomically different species and their developmental conse- 
quences are investigated. Furthermore, the use of different species 
offers the advantage of linking together genetic and developmental 
with evolutionary aspects. 

Mosaics of tissues taken from different, related species reveal types 
of genetically dependent interaction similar to those of intraspecific 
mosaics. In amphibians, autonomous determination has been observed 
for pigment production in grafts of early developmental stages between 
the light pigmented embryos of 7Zyzton cristatus and the dark 
pigmented embryos of 7rzéox taenzatus, or for the total characteristic 
complex which distinguishes the skin tissue of various grafted species 
(see Spemann, 38). Still more significant is the autonomy of pigment 
patterns as studied in 7yriturus species (Twitty, 36). In 7. torosus 
the melanophores are for the most part segregated into a pair of compact 
bands along the back while in 7. szwzlams and 7. rivularis a diffuse 
localization of pigment cells is found. Hybrids show an intermediate 
distribution of melanophores. Various types of grafting experiments 
between these different species demonstrate that the pattern of pigment 
cell distribution is independent of the specific genotype of the tissue in 
which the melanophores arrange themselves. Their own genetic con- 
stitution determines, perhaps by means of some simple physical 
property, their migratory behavior. Still another example of autonomy 
has been found in the elaboration of skeletal structures in sea urchin 
larvae (v.Ubisch, ’37). Micromeres were implanted into the blastocoel 
of blastulae which had been derived purely from the four animal cells 
of an 8 cell cleavage stage. The resulting larvae consisted of 
ectodermal host tissue and skeletal forming donor cells. If host and 
donor were derived from different species with specifically different 
skeletal structures it was found that the skeleton was like that of the 
donor species. This is particularly clear in slightly different experi- 
ments in which micromeres of one species were implanted into the 
blastocoel of a whole blastula of another species. In this case skeletal- 
forming cells of host and donor collaborate in producing a skeleton 
which is typically intermediate between that of the two species used. 
[In some parts, however, the skeletal structure consists of a fine or coarse 
mosaic of the structures of both species; in still others it shows the 
typical formation of one or the other pure species. Careful analysis of 
the normal process of skeletal production shows that the mesenchymou: 
cells fuse with their ectoplasmatic parts into syncytial masses, that they 
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change their position during development along the skeletal rods and 
that the relative number of cells contributed by host and donor may 
vary from part to part. These observations give the key to an under- 
standing of both the intermediate and the strangely mixed appearance 
of the mosaic skeleton, if one assumes that each cell-nucleus elaborates 
a determining product according to its own genetic constitution. 


Many transplantation experiments between different species have 
shown that growth rates of host and donor parts were mainly controlled 
by the inherent constitution of each. In other cases, a certain degree of 
mutual dependence of tissues or organs which are mosaics built up from 
contributions of different species, has been observed. A well known 
example is that of the embryonic growth correlation in compounds of 
eve-cup of the small 7yrzturus punctatum and lens of the larger 
7. tigrinum (Harrison, '29; Twitty, 34). Particularly instructive are 
the results of experiments in which an eye of 7 rzton cristatus induces a 
lens in the ectoderm of 7. taeniatus, or vice versa ( Rotmann, ’39). 
Here the initial size of the induced lens is specific for the species which 
furnished the ectoderm. At later stages a secondary correlative 
adjustment between host and donor parts may or may not take place. 


In the preceding discussion we have, on different occasions, come 
near to a chapter in the analysis of development which by definition 
deals with a fundamental interaction between different tissues: 
embryonic induction. An obvious mode of attack has been to investigate 
the results of this type of interaction when the inducing and the react- 
ing tissues were derived from different species. Such experiments have 
demonstrated that inductors are not restricted in their action to their 
own species. Thus, lenses have been induced by eye cups of Rana 
palustris in embryonic epidermis of Rana sylvatica, or by eye cups of 
either of these anurans in epidermis of the urodele Amblystoma (see 
Rotmann, 39). Secondary embryos were induced in tissue of one 
species of 7 rzton by the organizer of another species. Even induction 
of urodele embryos by anuran organizer was accomplished (Geinitz, 
'25). These discoveries indicate that the inducing stimulus is either 
alike in widely distant taxonomic groups or that it is at least similar 
enough in different species to produce similar effects. Further work 
has led to the recognition that the inducing agent serves as a release 
mechanism for inherent potencies of the reacting tissue. The inductor, 
or evocator, of one species does not impress on the reactor of the other 
species its own species character but only stimulates it to an expression 
of its inherent genetic potencies. Ectoderm of Rana transplanted into 
the mouth region of Triton embryos is induced to form mouth parts— 
but it forms horny jaws and horn stumps characteristic of its species. 
not teeth characteristic of the inducing donor (Schotté, ’38). Recipro- 
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cally, ectoderm of Triton implanted into the mouth region of Rana, 
responds to the anuran stimulus by the elaboration of urodelan teeth 
{ Holtfreter, ’35). 

Since we know that the inductor does not need to be associated with 
a living cell but may in all probability be represented by one or more of 
a variety of chemical substances, it is not surprising that it cannot mold 
the reacting tissue into a morphogenesis typical of the inductor species. 
The inductor becomes simply part of the external environment of the 
reacting region, and it is not to be expected that environmental differ- 
ences of the kind which inductors of different species may conceivably 
represent, are sufficient to shift the expression of the genetic constitution 
of one species into that of another one. 

While these experiments have taught us the autonomous nature of the 
response of tissue of one species to inductive stimuli from other species, 
they have not been able to demonstrate genetically determined differ- 
ences between inductors. One such case has recently been found (Stern, 
'38). Different species of Drosophila possess among their distinguish- 
ing properties that of adult testis shape. In D. pseudoobscura the form 
is that of an ellipsoid, in D. azteca, a spiral of about 1 and % turns, in 
D. virilis, a helix of 6 or 7 turns. The larval testes of all species are 
non-spiral vesicles. Normally they attain the specific adult shape after 
having become attached to the vasa efferentia which originate indepen- 
dently of them. Testes of ‘spiral’ species which are unattached bécause 
of an accident in development, grow somewhat in surface area without 
assuming their characteristic shape and unattached testes of D. 
pseudoobscura are only slightly less elongated ellipsoids than attached 
ones. An inductor-reactor relation in regard to spiralization seems to 
exist between vas and testis in “spiral” species which is more or less 
lacking in species with ellipsoidal testes. Thus the case appeared 
similar to the 7yrzton-Amblystoma species difference, in which an 
epidermal balancer is induced by the head in the former species but not 
in the latter. There, interchange between the corresponding tissues of 
the two different urodeles showed that both possess the inducing 
qualities but that the reacting tissue was inherently different—respond- 
ing by formation of a balancer in one and not in the other. Equivalent 
transplantation experiments between the two types of Drosophila gave 
a strikingly different result. Genetically spiral testes retain their 
larval ellipsoidal shape when attached to a vas from the “non-spiral”’ 
species. Genetically non-spiral testes grow into spirals if attached to a 
vas fromm a “spiral” species. Accordingly, the different species are not 
primarily different in respect to testis shape in their reacting parts, the 
testes, but in their inductors the vasa. 

What has been called an inductor in Drosophila might be termed a 
growth hormone in a plant. To this extent there is a parallel in the 
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genetic determination of normal and subnormal auxin concentration in 
normal and nana corn. The point to be stresséd here is that a species 
difference which can be considered as based on genic differences can be 
traced back to a difference in the inducing properties of an organ. It 
appears, although this point is not yet settled finally, that a growth 
stimulant diffuses from the azteca vas in an asymmetrical way and that 
this leads to unequal testis growth. No such influence then would 
emanate from the vas of 2). pseudoobscura. Further inquiries will lead 
to an examination of the developmental basis of differences between 
Drosophila species with few and many testis turns. We may expect 
either differences in the “strength” of the inductor or differences in 
response of the reacting tissue or a combination of both. Preliminary 
data make it appear possible that different degrees of inductive power 
play a role in the specific difference between D. azteca and D. virilis. 

There is a wide gap between an inductor which releases the growth of 
a histologically differentiated organ like an insect testis and an induc- 
tor which evocates the formation of a secondary amphibian embryo 
from hardly differentiated cells. However, the gap seems to be one 
which can be bridged by actual and hypothetical situations. We begin 
to see more clearly how genic changes in evolutionary trends have acted 
on the production of gene-dependent inducing substances as well as on 
the response of reacting tissues. If we add new correlative influences 
within the genetically changed developing organism, we can recognize 
widest possible taxonomical ranges of genetically determined develop- 
mental alterations. 

In conclusion let us return to a point made earlier. No single concept 
or even a limited number of them appear adequate for an understanding 
of genes and developmental phenomena. Nevertheless the genes 
are involved in all developmental processes, physiological reactions 
within the cell, hormone production, dependent and autonomous differ- 
entiation. The use of different genetic constitutions which pure 
genetics makes available as tools in the study of development is perhaps 
at present the most fruitful link between the two aspects of biological 
phenomena, inheritance and development. 
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GENES AS EVOCATORS IN DEVELOPMENT 


By 
Cc. H. WADDINGTON 


(University of Cambridge) 


The most general mechanism of development which we know of is 
the organiser reaction. This involves a choice between two alternatives. 
Thus at the time of the initiation of the vertebrate neural system the 
ectoderm is unstable and must change (i. e. differentiate), but it can 
do so in at least three specific ways; into epidermis, into neural tissue 
or into mesoderm. We do not know of any other modes of development 
open to the tissue at that time, and the modes which we have mentioned 
are rather distinct alternatives; intermediates between them are rarely 
found, and if they do occur in early stages of development tend to 
return, as differentiation proceeds, to one or other of the normal types 
of tissue. 


Tissue which is in a condition of instability in which several types of 
differentiation are possible to it is said to be competent. The factor 
which, in the development of the vertebrates, decides which of the alter- 
native modes of development shall be followed is the organiser, or, 
more specifically, the active chemical substance of the organiser which 


has been called the evocator. The general system of ideas is rather 
similar to Lillie’s notion of segregation, or differential dichotomy. But 
competence is a name for the actual state of the tissue at the time when 
the instability is resolved and one or other path of development is 
entered upon, whereas Lillie’s segregation was a segregation of 
potencies, which are not in any way descriptions of the state of the tis- 
sue at the time of the segregation, but are merely formal attributes 
derived from a consideration of its future behaviour. 

If development consists of a succession of choices between sharply 
distinct alternative modes of change, it can best be symbolised as a 
system of branching paths. The characteristics of each path will de- 
pend on the developmental potentialities of the tissue, that is to say, they 
will be under the control of the genes. We may also expect to find 
genes which act in a way formally like that of evocators, in that they 
control the choice of alternative. Genes of this sort are in fact known 
One good example is aristopedia in Drosophila melanogaster, and it 
will now be useful to describe some of its effects. 


The aristopedias are alleles of the spineless locus, at 58.5 on the II Ird 
chromosome. Spineless, from which the locus takes its name, causes an 
extreme reduction in size of the bristles, and slighter degrees of this 
effect may be found in all the alleles. Some of the alleles of the locus 
also cause disturbances of the segmentation of the tarsus; we will re- 
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turn to this later. The effect in which we are interested at present is 
still another, quite different from the two just mentioned. In some of 
the alleles the arista, which is the terminal segment of the antenna, 
develops into a tarsus-like organ. The degree to which this effect is 
shown differs in the different alleles. In the alleles known as aristo- 
pedia ss* and aristopedia-Spencer ss** the whole arista is usually 
transformed into a tarsus, which is segmented usually into four seg- 
ments, the terminal one of which bears two tarsal claws; the third 
segment of the antenna is elongated and narrower and less furry than 
normal. In aristopedia-Bridges ss*” the change is less marked, and 
only the basal part of the arista is affected in a tarsal direction, while 
the third antennal segment and the terminal part of the arista remain 
fairly normal. 

We may express this by saying that the antennal bud is such that its 
genetic constitution in normal flies, reacting with whatever it is which 
delimits the antennal bud within the.whole hypodermis, results in the 
development of an antenna. When, however, the cells are homozygous 
for the aristopedia alleles, the same conditions cause the arista portion 
of the antennal bud to pursue one of the other alternatives, namely that 
for leg development. 

In aristopedia-Bridges, as we have seen, only part of the arista is 
changed in the tarsal direction, and in flies homozygous for this allele, 
the part affected is usually very small, so that the only deviation from 
normal may be a slight swelling at the base of the arista. If compounds 
of the alleles are made up, a whole series of forms may be obtained in 
which different proportions of the arista are affected. There is a certain 
amount of variation in a single family when ordinary unselected stocks 
are used, but it is clear that a greater part of the arista is leg-like in 
ss*/ss flies than in homozygous ss” and still more in ss**/'ss*” (Fig. 1), 
One may say that the strength of the alleles is in the order 
ss* <ss*<ss“ ; we shall see that this order is not the same in respect of 
the effects of the genes on the segmentation of the legs themselves. 


The most interesting point which emerges from these partially aristo- 
pedia flies is that the aristae are not simply intermediates between legs 
and aristae. On the contrary, certain parts are strictly leg-like, while 
the other parts are arista-like, the transition from one aspect to the other 
being extremely rapid and occupying only a narrow zone. In ss** con- 
ditions are such that often only the transition zone is present, at the base 
of the arista, and this explains the appearance of merely a mild 
thickening in this region. In all the other types, the tarsus-like region 
extends some distance from the base distally towards the tip; in the 
extreme complementary to ss” the only sign of an arista is the substi- 
tution of a thin hair instead of the tarsal claws. We have here a clear 
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example of distinct alternatives in development. There seems to be no 
intermediate between arista and tarsus development; the tissue must 
choose one or the other. 


The mechanism by which one part of the arista makes one choice, 
while the rest takes the other course, is not known, but many possible 
suggestions could be put forward. One is reminded of Goldschmidt’s 
theory of intersexuality; it could be that the phenomena are dependent 
on the time relations between the determination process and some other 
process which decides whether the determination shall be as arista or 


Fig. 1. Antennae of aristopedia alleles and compounds. The antennae of ey” and 
ey”.ss* at the lower middle are duplicated antennae from one side of the head. 
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leg. Again, it might be that thresholds are involved, and that the 
threshold differs progressively along the length of the arista. 

The aristopedia gene controls the choice between two alternative 
modes of differentiation. These modes are themselves under the con- 
trol of other genes, some of which can be identified. Thus the genes 
dachs, approximated and four-jointed all cause a shortening of the 
tarsus and reduction of the number of joints from five to four. They 
have no effect on the normal arista. But in compounds with aristopedia 
they shorten the aristal leg and reduce the number of its segments. 
They thus affect leg-development wherever it occurs. Similarly, 
thread is a gene which has no effect on the legs or on leg-like aristae, 
but removes the side-branches from an arista; in a /hth, ss*"ss*” fly 
thread acts only in the aristal part but not in the tarsal part of the 
arista. (Fig. 1). 

There are other genes which affect both types of development. 
Dachsous-38k causes a general stunting of many parts of the fly, among 
which are the legs and the antennae, whether the latter are normal or 
aristopedia, though the effect is perhaps somewhat more marked in the 
latter case. Eyeless-dominant has several effects, apart from that on the 
eye. It causes a distortion and swelling of the proximal part of 
the tarsus, and this specific effect can be noticed in the aristal legs in 
compounds with aristopedia. Eyeless-dominant also frequently leads 
to the formation of double antennae, and this effect is one which can be 
exerted both in normal and aristopedia development. The two 
associated antennae are quite complete organs, and are mirror images; 
probably the effect depends on a division of the bud into two at a stage 
before the determination as antenna or aristopedia-organ occurs. 


The case of aristopedia, which we have just discussed, raises many 
interesting points about the theory of homology. I do not wish to dis- 
cuss these here, but there is one interesting point which should be 
mentioned. The leg genes dachs, approximated, four-jointed etc. act 
on structures which look substantially the same as legs even if they are 
formed in the wrong places. In contrast to this, consider the following 
case. The normal Drosophila possesses two bristles, known as the 
sternopleurals, just below the wings on the mesothorax. In flies 
homozygous for the gene bithorax-W, the metathorax seems in many 
respects to be converted into a mesothorax, developing a chitinous 
scutellum above and a typical second leg below, with apparent sterno- 
pleural bristles between. Now a gene Sternopleural is known which, at 
high temperatures, causes an increase in the number of sternopleural 
bristles. In the St bx”bx” flies reared at 25°C, the true sternopleurals 
were increased in number but the metathoracic ones were unaffected. 
(Fig. 2). Perhaps the explanation of this is to be sought in the con- 
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sideration that the homology between the true and the metathoracic 
sternopleurals consists not so much in their having followed similar 
developmental paths—they are after all both merely bristles, like any 
other bristles in the body—but their resemblance is mainly a positional 
one, in lying just above a leg and beneath a wing-like organ. But the 
case is certainly peculiar. 

I should like to supplement the account of aristopedia and the leg 
genes by some remarks on their effects on the segmentation of the 
tarsus. The tarsus of the wild type Drosophila has five segnients, 
whose lengths, although subject to some variation, bear rather constant 
relations to one another. The genes dachs, approximated and four- 
jointed cause a shortening of the whole leg and a reduction of the 
number of segments to four. The effect is a regular one, in the sense 
that the relative proportions of the segments are as constant as are those 
of the normal leg. In all three genes the pattern of segmentation 
produced is rather similar, the most interesting point being that the last 
segment is actually longer than in the wild type. Approximated has 
one peculiarity, in that the penultimate segment is always swollen. 
This effect has not been noticed in the aristal leg of app app ss® ss". 

The legs of the compounds of dachs and approximated, and four- 
jointed and approximated, are not markedly different from those of the 
single gene types; in both of them, the approximated swelling of the 
penultimate segment can be seen. The definiteness of the pattern of 
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Fig. 2. Sternopleural bristles in bx*.bx” (Figs. A and B) and St. bx“bx™ (Figs. C 
and D). Mt. thoracic region formed on the metathoracic segment. S¢. 7. Sternopleurals 
on the mesothoracic segment. S7¢. 2. Sternopleural-like bristles on the metathoracic segment. 
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segmentation produced by the genes, and the lack of enhancement in 
the compounds suggests that the four-segmented pattern is a definite 
developmental mode, into which differentiation can be shunted. We 
can regard a particular pattern of five-jointed segmentation and 
another pattern of four-jointed segmentation as alternatives in the same 
sense that two different types of tissue are alternatives. (Fig. 3). 


Here again, however, we find that some gene substitutions do not lead 
to an abnormal choice within a set of determined alternatives, but in- 
stead disrupt and blur any sharp distinctions that may separate 
different modes of development. Aristopedia, in its effects on the legs, 
is one such gene. Aristopedia-Spencer and aristopedia-Bridges both 
tend to cause irregular segmentation of the tarsus, affecting primarily 
the proximal region, but not so as to lead to any regular pattern. The 
effect is most marked in ss**, while in ss* disturbances of the legs were 
hardly ever found in the stocks used. Nevertheless, even in ss* a sub- 
threshold effect on the segmentation must have been present, since in 
compounds with other genes affecting segmentation, the most -surpris- 
ing degree of enhancement was seen. In all cases quite irregular legs 
were producd; in some of the most extreme specimens of dachs 
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Fig. 3. Forelegs of females of wild-type and dachs, four-jointed, approximated, ap- 
proximated-dachs and approximated-four-jointed. 


sR aR 


Shbtneaiantbetliiushinas ated ae 





GENES AS EVOCATORS 


c 





WM 


Fig. 4. Forelegs (male except for the ey” and ey”.ss*) of aristopedia alleles and com- 
es In the two involving eyeless-dominant, only the tarsus is shown. 


aristopedia the tarsi were almost completely absent. It is clear that the 

“locus is concerned in the processes which determine the segmentation 
of the tarsus, both in the five-jointed and four-jointed types, and that 
the presence of the ss* gives rise to quite disequilibrated forms in which 
no distinct alternatives are to be found. (Fig. 4). 

The fact that alleles of aristopedia both cause the arista to follow a 
tarsus-like mode of development, and also affect the segmentation of 
the normal tarsus presents a challenging problem, but at present 
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nothing very definite can be said about it. It is not even clear how far 
ss alleles affect the segmentation of the aristal tarsus. One might hope 
to find a less regular segmentation in ss*® than in ss* aristae, but 
actually the segmentation is not very regular in either case, and no 
definite difference can be made out. 


SUMMARY 


In Drosophila the gene, aristopedia, causes the transformation of the 
whole arista into a tarsus, usually of four segments, the terminal one of 
which bears two tarsal claws. The antennal bud is such that its genetic 
constitution reacting with whatever it is which delimits the antennal 
bud within the whole hypodermis, results in the development of an 
antenna in normal flies. When, however, the cells are homozygous for 
the aristopedia genes, the same conditions cause the arista portion of the 
antennal bud to pursue one of its other alternatives, namely, that for leg 
development. Various genes which cause the choice of other develop- 
mental modes for differentiation prove to be highly interesting. 











BIOCHEMICAL ASPECTS OF ORGANISER 
PHENOMENA 


By 
JOSEPH NEEDHAM 
(Cambridge, England) 


Ten years ago it was difficult to say anything about biochemistry and 
morphogenesis. Today we have to record remarkable advances in 
knowledge centering round the biochemical nature of the “morpho- 
genetic hormones” which act in normal embryonic development, 
forming a hierarchy of inductors (Spemann). The advance in our 
knowledge of organiser phenomena, the most striking instances of 
dependent differentiation (itself an old concept going back to Roux), 
have not failed to affect interpretations of all kinds of ontogenesis in 
invertebrates as well as vertebrates, but for reasons of time and space 
the present account will be restricted to events which occur in the 
development of amphibia. A very similar state of affairs is met with 
in all vertebrates, but in invertebrates, as we know from the work of the 
Swedish school (RunnstrO6m, Horstadius, Lindahl) on echinoderms, 
and of Seidel and others on insects, the picture is rather different. 

Gastrulation is the turning-point in vertebrate development. In the 
amphibian gastrula we know now that as the mesodermal roof of the 
archenteron is invaginated through the blastopore it exerts an effect on 
the overlying “ectoderm” stimulating it to neural differentiation, 
sealing its fate as nervous tissue, and thus initiating the series of 
changes whereby at a later time other such stimuli are caused to appear, 
with the formation of various later organ-rudiments. The importance 
of the stimulus to neural differentiation may be appreciated by the fact 
that in this way the main longitudinal axis of the vertebrate organism 
is laid down. The decisiveness of the determination processes was shown 
by a mass of earlier experiments in which it appeared that transplanted 
pieces of the embryo behave neighbourwise before gastrulation but 
selfwise after it. The name organiser center for the dorsal lip of the 
blastopore, where invagination is going on, was given by Spemann, who 
in conjunction with Mangold found that on transplantation to another 
embryo, it would organise the surrounding competent tissues into a 
secondary embryo on the same mass of yolk-endoderm as the host’s. 
Such an action threw a flood of light on the whole body of facts relating 
to regulation in embryos previously discovered, explaining fusions, 
blastomere-totipotence, etc. All the subsequent development of our 
knowledge has indicated that the primary organiser center is absolutely 
necessary for neural differentiation—for example, isolations of frag- 
ments zz vitro (Holtfreter) and experimental exogastrulation, where 
the ectoderm, sundered from the endo-mesoderm by normal formative 
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movements acting abnormally, never develops any neural tissue 
( Holtfreter). 


The stimulus originating from the dorsal blastopore lip was early 
seen to invite the biochemical approach, particularly because its effect 
is one of differentiation and determination, not on growth, i.e. its effect 
is specifically morphogenetic. After it had been proved that its effect 
was not destroyed by crushing (Spemann; Kramer) or narcotisation 
(Marx), a number of investigators, especially Holtfreter, found that 
it is quite stable to boiling or any other denaturation of the proteins. 
But as soon as investigators began to isolate chemical fractions the sub- 
ject became unexpectedly complicated. There was no difficulty in 
showing that cell-free extracts of gastrulae or neurulae were effective 
(Spemann, Fischer and Wehmeier; Needham, Waddington and 
Needham) but while the Cambridge group found marked activity in 
the ether-soluble, unsaponifiable, digitonin-precipitable, fraction 
(Waddington, Needham, Nowinski and Lemberg), the Freiburg work- 
ers found crude glycogen to be effective ( Fischer and Wehmeier) and 
also oleic acid, muscle adenylic acid, and nucleoprotein preparations 
(Fischer, Wehmeier, Lehmann, Juhling and Hultzsch), while in New 
York Barth obtained strikingly positive results with kephalin. It was 
later proved that the activity of glycogen is due to the presence of traces 
of active ether-soluble material in crude glycogen preparations, but it 
is doubtful whether this is true of all the substances named. The 
results of the Cambridge group, indicating as they did a relationship 
between the primary organiser substance and the steroids, invited the 
trial of the synthetic carcinogens and oestrogens as well as naturally 
occurring steroids, and these were found to give remarkably good 
inductions (Waddington and Needham; Waddington). The most 
recent work ( Barth) has again indicated that protein preparations may 
be active, and this is perhaps supported by new results obtained in Cam- 
bridge, where it has been found (Shen) that egg-albumen, if aged long 
enough, will produce inductions of neural tubes, possibly by the action 
of some ether-soluble prosthetic ring-compound in the protein since 
extraction of the protein with ether greatly reduces the activity. 


The difficulties which have confronted the biochemical attack are not 
without a definite reason. As has been said, Holtfreter found that the 
organiser substance was stable to boiling, but he also discovered the 
very significant fact that those parts of the embryo which do not 
normally possess the power of induction, actually acquire it if they are 
boiled or if their proteins are in any way denatured. This is true of 
yolk-endoderm or even of the ovarian oocyte, but unfortunately it is 
also true of the competent ventral ectoderm itself, on which tissue alone 
can induction power be tested. Hence any substance, tissue, or fraction 
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implanted into the blastocoele cavity may indeed act directly on the 
ventral ectoderm by virtue of identity or close connection with the 
naturally-occurring organiser substance, but it may also act indirectly 
by liberating the naturally-occurring substance, in the responding 
tissue itself. The significance of this important fact seems to have been 
first appreciated by Waddington, Needham and Brachet, who found 
that dyes such as methylene blue would exhibit this liberating effect on 
ventral ectoderm submitted to their action. “Owing to the association 
between glycogen and the naturally-occurring substance ' already 
referred to, the suggestion has been made that in the embryo the sub- 
stance exists in combination with glycogen and with protein, and is 
normally liberated from this complex only in the dorsal lip of the 
blastopore (Needham). 

It is not likely that this difficulty of indirect induction will be easily 
overcome. Though the auxin of plants also exists in bound form it 
seems not to be so easily liberated from combination. But a strict at- 
tention to dosage may be of assistance, since we are probably not far 
wrong in thinking that the smaller the concentration at which a sub- 
stance is effective, the less damage is done to the reacting tissue, and the 
less likelihood there is of liberation of the naturally-occurring 
substance. With this in view Shen made a series of implantations of 
the water-soluble hydrocarbon derivative 1; 2; 5; 6-dibenzanthracene, 
a-B endo-succinate, ranging from about 1.0 y to 0.00001 y per gastrula. 
There appeared rather unexpectedly an optimum concentration at 
0.001 y—a dosage which, when converted to terms comparable with 
that of many hormones and vitamins turns out to be of the same order. 
In future no implantations will be of much interest unless some attempt 
is made to measure the dosage employed. At the same time it must be 
admitted that arguments of this kind cannot constitute a proof that 
the substance which acts in the most minute concentration is related to 
the naturally-occurring substance, because the toxicity of some com- 
pounds may be much greater than that of others, (cf. also the case of 
auxin and hetero-auxin). Effort will have to be directed towards 
obtaining the inactive precursor compound of the ventral ectoderm in 
cell-free extract (as suggested by Van Heyningen) and the further 
fractionation of this could then proceed in the knowledge that one was 
really dealing with the naturally-occurring substance. Another 
possibility (suggested by Waddington) which cannot be overlooked is 
that the formation or liberation of the naturally-occurring substance 
takes place by a series of reactions as complicated, perhaps, as the 
phosphorylation cycles of muscle extract. If this were so, the activity 
of different substances might be explained by their intervention at suc- 
cessive steps in the series of reactions. The same final effect may not 
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be due to similarity of attack. All this goes to show that the chemical 
composition (and, as we shall see later, the metabolic properties) of the 
various regions of the gastrula, must be the immediate subject of 
further research, rather than the implantation of ever more compounds 
of known chemical constitution not themselves likely to be contained in 
the embryo itself. At the same time, effective substances of tissue 
origin should be subjected in the future to more rigorous purification, 
as it is still possible that in some cases the activity depends on as yet 
unidentified “impurities’’. 

The distribution of the naturally-occurring substance is also a ques- 
tion of much importance. Spemann and Mangold, after discovering 
homoiogenetic induction (the power of the formed neural plate itself 
to induce further neural plates if transplanted), traced this as far as 
the brain of the free-swimming larva. Later it was found independent- 
ly (Needham, Waddington and Needham; Holtfreter) that all kinds 
of adult newt tissues also possess the power, but it was Holtfreter who 


extended this to the whole animal kingdom and found that adult tissues - 


of most of the phyla possess the primary organiser-substance. Verte- 
brate tissues are richer in it, however, than those of invertebrates. 
Important is the fact that by no means all adult tissues require boiling, 
i. e. in many of them the substance is free, not combined or masked. 
These discoveries show that we have four logical possibilities (1) 
presence of competence and the active substance, (2) presence of com- 
petence but not the active substance, (3) presence of the active substance 
but no competence, (4) presence of neither. The first of these is found 
in the organiser center in normal development, the second is found in 
the ventral ectoderm, the third in adult tissues, and the fourth in the 
yolk-endoderm. The significance of the presence of organiser sub- 
stances, morphogenetic hormones, in adult tissues, in relation to the 
origin of teratomata, will not escape the reader. At present the position 
with regard to plant tissues seems to be that although induction power 
has sometimes been claimed for them (Ragozina; Toivonen), the 
published results are clearly negative. Should this be further con- 
firmed, we shall have to conclude that plant tissues, though they may 
contain oestrogens (Skarzynski), do not contain the primary organiser- 
‘substance, nor are they able to “injure” the ventral ectoderm in such a 
way as to produce indirect induction. Weak results have been obtained 
by Okada on implanting inorganic substances such as certain silicates, 
but he noted that they were accompanied by cell-degeneration and 
himself explained them as cases of indirect induction. 

To the above discussion we may add that induction power, though 
weak, has even been reported for coelenterate tissues (Waddington and 
Wolsky), which might indicate that the substance preceded in evolu- 
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tion the competence which was developed to react to it. It has also been 
shown that the nucleus of the oocyte is much richer in induction power 
than the cytoplasm (Waddington; Brachet) which may be of interest 
in connection with the genetic control of morphogenesis. 

We now come to.the question of what metabolic changes are taking 
place in the gastrula. An understanding of them is clearly indispensa- 
ble before we can relate the biochemical and the morphogenetic 
processes with one another. It cannot be too strongly emphasized that 
at the heart of morphogenetic processes there is a metabolic factor, not 
only because the proteins of the cell-structure on which in the last resort 
morphological architecture must be based are built by enzymic 
reactions, but also because the stimulating substances, the morpho- 
genetic hormones, are themselves chemical molecules with a metabolic 
origin and a metabolic fate. Measurements on the intact gastrula 
( Bialaszewicz and Bledowski; Wills; Atlas; Stefanelli) could here be 
of little assistance, and it was not until recently that methods sufficient- 
ly delicate to permit of the examination of isolated regions of the 
amphibian gastrula became available. Their use is now giving rise to 
a considerable literature. 

In relation to what has already been said about the inductive power 
of glycogen, it is interesting that histochemical work (Woerdeman; 
Raven ) demonstrated a sharp boundary between the uninvaginated and 
the invaginated material, the former being rich in glycogen and the 
latter almost devoid of it. Though criticised by other histochemists 
( Pasteels and Léonard ) the conclusions of the Amsterdam school were 
put on a firm foundation by Heatley and Heatley and Lindahl at 
Cambridge in the first direct chemical estimations ever carried out on 
the different regions of the gastrula, using technique of the kind 
developed by Linderstrgm-Lang. Glycogen falls 35% at the dorsal 
lip of the blastopore and nowhere else in the gastrula. It seems that 
there is also a decline at this region in the plasmal group of substances 
(Voss) but the function of these higher fatty aldehydes is as yet un- 
known. Ascorbic acid seems to be present throughout ectoderm and 
mesoderm ( Nowinski) but not in endoderm. 


Measurements of the metabolism of the regions of the gastrula by 
manometric means were also highly desirable. Among many attempts, 
the most complete set of data has been obtained by the Cambridge 
group, using an adaptation of the Cartesian diver technique suggested 
for use as an ultramicro-manometer by Linderstrgm-Lang and Glick, 
and some two thousand times as sensitive as the Warburg manometer. 
By this means, the anaerobic glycolysis and the anaerobic ammonia 
production (measured by Boell, Needham and Rogers) turned out to 
be about three times as high in the dorsal lip of the blastopore as in the 
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ventral ectoderm. On the other hand, the oxygen consumption 
(measured by Boell and Needham) was found to be identical in the 
two regions. This does not conflict with the ingenious experiments of 
Brachet and Shapiro, who used an intact gastrula fixed at the center of 
two Gerard-Hartline capillary manometers, since although the hemi- 
sphere containing the dorsal blastopore lip respires more than the other 
hemisphere, it probably contains a larger proportion of strongly 
respiring tissue. It does conflict, however, with estimations by Fischer 
and Piepho,and perhaps with others by Barth, but there are reasons for 
preferring the diver technique, whereby a whole estimation can be made 
on a part only of one single dorsal lip. The respiratory quotient 
(measured by Boell, Koch and Needham) shows an interesting behav- 
iour. Low at the beginning of gastrulation (in agreement with earlier 
work of Brachet), it rises in all parts of the embryo, but much more 
rapidly and further in the case of the dorsal lip of the blastopore than 
in the ventral ectoderm. This suggests, therefore, that what takes 
place at gastrulation is a change in the quality, not in the quantity, of 
the metabolism at the organiser centre. The change in all these entities 
has been confirmed on several species of amphibia, and the difference 
in respiratory quotient has frequently been observed by Brachet, so it is 
probably safe to regard these changes as fairly well established. Lastly, 
the aerobic glysolysis (measured by Needham, Rogers and Shen) 
turned out to be almost negligible in both regions, showing that the 
Pasteur reaction is equally efficient throughout the embryo and the 
organiser region is not characterized by aerobic fermentative qualities. 
If the probable aerobic ammonia production is allowed for, the results 
approximate closely to estimations of lactic acid made on the whole egg 
by Lennerstrand and by Brachet. 


Whether there is any special connection between carbohydrate 
breakdown at gastrulation and the liberation of the primary organiser 
in vertebrates is a problem for the future. The statement of it, however, 
should alone suffice to do away with that sharp distinction we sometimes 
meet with between the “fuel’’ and the ‘“‘machine’. There are in fact a 
number of indications that some connection exists, at any rate, between 
carbohydrate breakdown and the early stages of embryonic develop- 
ment, in invertebrates no less than vertebrates, as witness the chick 
i Needham ), the minnow ( Amberson and Armstrong ), the crab ( Need- 
ham), the grasshopper ( Boell), and the nematode ( Nolf). 


There may also be a connection between organiser phenomena and the 
oxidation-reduction situation. Brachet found that the nucleus of the 
immature oocyte is especially rich in proteins which give a brilliant 
nitroprusside reaction upon denaturation. These proteins, rich in —SH 
groups, migrate later to the animal pole, and subsequently take up a 
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position almost identical with that of the organiser centre. One can see 
in relation to what has already been said regarding the role of proteins 
as inactivators, etc., that such a discovery, though enigmatic, may well 
have considerable significance. Moreover, it has been claimed 
{ Brachet and Rapkine) that by varying the oxidation-reduction poten- 
tial with glutathione or other —SH compounds, the fate of isolates of 
ventral ectoderm or dorsal lip may be changed. In oxidizing —S—S— 
solutions, neural differentiation of the presumptive neural plate is 
‘nhibited and presumably the ventral ectoderm would remain as such; 
on the other hand in reducing —SH solutions the former presumably 
proceeds as usual but the latter shows neural differentiation, doubtless 
owing to the liberation of the organiser-substance within it. The full 
publication of these results will be awaited with interest. 


In the first work on the chemical aspects of embryonic induction 
(Needham, Waddington and Needham) a distinction was made be- 
tween two components of induction. The direct chemical stimulus to 
neural differentiation was termed Evocation, and the regional 
differentiation of the evocated axis into head and tail ends was termed 
Individuation. The question now arises whether individuation also 
involves chemical factors, for which Waddington has proposed the 
term Modulators. It is fairly sure that before gastrulation head and 
tail organisers are interchangeable, as the work of Pasteels on main- 
tained inversion accompanied by compression shows. Yet in later stages 
the two have very different properties. The “dominance” of head over 
tail organiser shown in Spemann’s experiments where two neural axes 
on the same organism were concerned, was not so obvious in the 
experiments of Hall, who by replacing head organiser in the primary 
axis by tail organiser, was able to obtain complete suppression of all 
typical cerebral differentiation, and the embryos had “tail” at both 
ends. This fundamental subject will need much future work. But that 
many specific substances are involved in embryonic differentiation is 
strikingly shown by the work of Chuang. Holtfreter had noticed that 
the regional (head and tail) properties of the mesodermal inductor are 
not present after the denaturation of its proteins by boiling or other- 
wise, as shown by implantation into ectodermal balls. This might be 
explained by the assumption of heat-labile modulator substances. But 
now Chuang has implanted into ectodermal balls small fragments of 
adult liver and kidney, with the result that each organ shows a quite 
different distribution of inductive effects (tails, muscle, eyes, ears, 
nasal grooves, neural tissue, etc.). Moreover, when such adult tissues 
are subjected to the temperature of boiling water for known periods of 
time, although some of the effects fall off regularly, others actually 
increase in frequency up to a certain point, after which they fall off too. 
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This strongly indicates that a number of different stimulating sub- 
stances with different chemical properties, are at work. Some 
morphologists have been reluctant to postulate a large number of 
chemical substances acting in ontogenesis, but the biochemist does not 
share this hesitation to the same extent, for he knows how many 
compounds have been isolated from the living cell to which it has never 
been possible to assign any function. Again we can visualize a vast 
scope for future work. 


Ectodermal balls were also used by Heatley, Waddington and 
Needham in an attempt to distinguish evocation from individuation, by 
implanting in them preparations of glycogen containing the evocator as 
an adsorbed “impurity”. As a result irregular branching masses of 
well-differentiated neural tissue were obtained, but not neural tubes 
with typical cross-sections, suggesting that evocation involves the stimu- 
lus to histological change and also a tendency to form hollow structures. 
For typical neural tube formation, further factors, such as those 
described by Holtfreter, would be required. 


In conclusion, it may be said that although the progress made in the 
last ten years in these fields has been very great, we can nevertheless 
see now that owing to the special difficulties of the subject, especially 


perhaps the presence of evocator in ventral ectoderm, it may be more 
like fifty years before we can expect to have certain knowledge con- 
cerning the chemical nature of the naturally-occurring substances 
involved in embryonic induction. Like so many other biological 
problems, this has turned out to be more complex than the first 
explorers thought. But that is not a pessimistic conclusion. 


Note: Some of the papers referred to above will be found reviewed in Proc. Roy. Soc. 
Med. London, 1936, 29: 31 and a complete discussion of this and many related topics will 
form a part of the author’s “Biochemistry and Morphogenesis’”’ (Cambridge University 
Press) now nearly ready for printing. 
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I 

Both in its temporal and spatial aspects, an organism is a system 
devoid of isolated events. On systems of this type a measurement at 
once accurate and permanently irrelevant becomes impossible. Yet 
students of growth dispute chiefly about the meaning of their measure- 
ments. 

The difficulty is not operational. Given a developing animal or plant, 
we employ a time-meter and, unless there are repetitious items that 
permit enumeration, we require also instruments to quantify and record 
irreversible changes in certain weights, volumes, or lengths. These 
data however are nothing but generalities. Indeed the most general 
statement possible about any process is the time required for its 
occurrence ( Mach)"; while dimensions alone fail to differentiate be- 
tween an organism and any other object in nature. As abstractions a 
series of growth measurements on earthworms are indistinguishable 
from similar series based on snakes, trees; or icicles. Biological 
significance arises only as we grasp the interrelations among our data 
and certain specific properties of the objects we have measured. 

By its very nature the organism hall-marks all our measurements. A 
growing dimension is plotted against its actual or presumed time-scale. 
The points are not haphazard but describe a curve recognized as a 
variant, fragment, or replica of the probability integral. Objectively 
this S-curve conveys the information that near the beginning while the 
organism is still small the absolute differences between successive spatial 
measurements, are also small; as time passes, increments and organism 
both increase; and finally before the organism is adult, the increments, 
after a maximum, decline. When the increments reach zero, the curve, 
now asymptotic to the time-axis, suggests that growth has stopped. We 
are entitled to say only, it has stopped in the dimension we have 
measured. What goes on in other dimensions is not disclosed. 

Such waxing and waning of increments is characteristic of growth 
and demonstrable with weights, volumes, or lengths. This alone makes 
it difficult to consider the sigmoid curve as an immediate symptom of an 
autocatalyzed monomolecular control. The similarity between the two 
types of curve is indisputable, nevertheless when we are measuring 
increments we are not measuring concentrations. Increments are 
additive; may or may not be chemically identical with the wholes into 
which they incorporate; and, are significant only by their relative 
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magnitudes. Inches on the end of a whale bear hardly any resemblance 
to inches on the end of a paramecium. 


II 
If our measurements are significant because of their interrelations, 
these must be analysed. In post-natal growth asymptosis characterizes 
a ‘region ‘of time when by certain criteria and in some orderly sequence, 
growth rates in various structures and components of the individual 
abate and finally reach zero. The ascending limb in embryonic curves 
apparently permits two alternatives: 
1. All components of the embryo whether visible or not, may begin 
increasing simultaneously, all or some of the rates being unique; or, 
2. The several components may begin to increase on schedule, one after 
the other, and at rates unique for each or some, or identical for all. 


At the outset we meet the contrast between sequence and simultaneity. 
When the morphologist’s pattern of differentiation is applied to stages 
before structures reach the threshold of visibility, we operate with 
‘organizers’, ‘fields’, ‘potencies’, and ‘presumptives’. Like the structures 
they antedate these likewise appear in definite sequences and specific 
places. Yet unless we endow our concepts with ultimacy not warranted 
by the facts, it is impossible to escape the postulate of earlier precursors. 
Back of our morphological tokens, each good for so much visible.struc- 
ture, lies a stretch of development complicated by all the complexities of 
the cell; ‘organ forming substances’; the entire apparatus of genes; and 
beyond, a world accessible only by the methods of physics and chemis- 
try. Either the processes going on at these levels are the remote 
precursors of structures and events that follow, or they have no meaning 
for embryology. In that event the morphologist is concerned only with 
miracles. 


The alternative is preformation, but a variety streamlined to accord 
with the newer specifications. In its earliest visible stages no anlage 
exhibits in visible form the differentiations subsequently found; nor 
as yet have we discovered ‘organizers’, ‘fields’, tissues, or genes, whose 
final ‘utterances’ are invariably restricted to a particular ‘monosyllabic’ 
item. Embryology and chemistry remain intact if we attribute many 
products to a common precursor; but that all precursors are traceable 
to a common temporal origin ; that the beginnings of a leg or an eye are 
finally to be sought in the distant ‘rumblings’ of an eyeless and legless 
underworld within the egg, appears shocking. If the idea were wrong 
its employment in implicit form by analysts whose denials are explicit. 
( Huxley )*® should have produced no order in allometrics‘; no ‘Ground- 
plan of Organic Growth’, (Needham )"* " but only a mass of incongrui- 
ties, 
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III 


Organization in space and time is not a state finally achieved but 
initially present. All that changes are its manifestations. These we 
can sample in their spatial form by grouping adults, adolescents. 
embryos or their respective parts, purely by dimensional differences 
Since every dimension fluctuates in orderly fashion about a mean, we 
can serialize our groups, choose any dimension as a standard and com- 
pare with it, any other. Many allometric analyses have been made on 
adults and adolescents, ( Huxley )° and on chemically uniform fractions 
of embryos, (Needham)*® . The general outcome is simple. If x 
represents the standard or the whole and y the comparate, the relation 
between them follows the equation y =bx*. This statement, linear in 
logarithmic form, with b = y when x — 1 and a the allometric constant, 
implies for every 1 per cent change in x an @ per cent change in y. 
Values of a, including many whose kinetic implications are far from 
clear, fluctuate about unity, (Glaser)* *. This fact and especially the 
constancy of @ over wide ranges of x and y can only mean that changes 
in one dimension are constantly accompanied by compatible changes 
in others. 

Although products of growth, allometric groups, by a convenient fic- 
tion are treated as timeless. Timelessness is as legitimate as the 
omission of all other spatial dimensions whenever we compare only two. 
Were such neglect equivalent to the elimination or destruction of the 
unrecorded dimensions, the organism should vanish whenever we make 
a2 measurement. Because we happen to neglect time does not mean that 
our objects have failed to keep time; hence as long as the organism and 
its parts make no mistakes in timing, allometrics necessarily deals with 
measurements correct as to temporal origin. 


To express a in explicit temporal terms requires a formulation of 
growth, no less general than the allometric equation ; equally applicable 
to specific instances; and yielding constants capable of producing a- 
values whose mean is unity. The most immediately promising 
generalized dimension is weight. It permits specific description of the 
organism as a whole and when broken down by physical and chemical 
methods, enables us to state what fractions of total increment are 
assignable to particular constituents. The classical object for an 
analysis of this type is the embryonic chick. Here fresh weight, w, 
increases daily by a diminishing percentage of itself. It behaves like 
compound interest with declining rate. Inspection reveals that interest 
rates fall inversely as the differences in the squares of time; in the 
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general case proportional to 1/[(¢ +1)* —¢@] =1/2t +1. From this 
w —=f(z) can be established : 











dw 1 
= “* gii* 
dw 1 
wo ey Haag 


=, this reduces to the linear statement 


Integrated with Ls 
log w= &.log (2¢ + 1) +C. in which instantaneous percentage change 
in w is related to instantaneous percentage change in the factor repre- 
senting time. 


The empirical nature of this formula does not preclude its usefulness. 
First of all it describes the immediate data from which it stems 
(Murray—Needham) * " * '* * and many others; it means exactly 
what it says for all its failures are significant °; it makes no provision 
for discontinuities and hence smooths none over. Whatever meaning 
may finally attach to the peculiar time relations, we must begin timing 
when growth begins. This excludes not only birth and hatching as 
zero-points for post-natal development but all other arbitrary begin- 
nings. If k is to remain constant, w from the first datum of a series to 
the last must have reference to something not liable to qualitative 
changes. When the increment of a specific category is affected by 
changes in income or synthesis, a new k-value for the category appears. 
The weight of a growing chick or other living system is predominantly 
water; it follows that k for the accumulation of water and k for the 
entire chick must have the same order of magnitude. Similar corres- 
pondences can be anticipated for other categories. The accumulation 
of chlorides cannot lag far behind the water nor can k-values for the 
water-chloride doublet, differ much from those for blood, or heart. 
The rate for the chick is not likely to exceed that for the synthesis of 
chromatin or the growing minute-output of the heart. As yet we have 
only index data; for chromatin, purine N ; for minute-output, frequency 
x heart-weight, the latter checked against heart-area: This constella- 
tion of rates is the basic isometric system to which rates substantially 
but not incongruously different must be added. The latter remain 
within definite limits unless the chick undergoes premature differen- 
tiations to disharmony or death. Constants for the above processes and 
12 others are listed below. In certain instances k is constant from the 
5th day on—in others k changes to a new value significantly between 
the 9th and 10th days when Ca-removal from the shell and allantoic 
respiration both begin. A period of constancy in k is called a stanza of 
growth *. 
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GROWTH CONSTANTS (K) FORK CATEGORIES OF THE GROWING CHICK 
EXHIBITING ONE OR TWO STANZAS OF GROWTH 


Stanza 7s II I II 
Fresh Weight 3.76 Dry Substance 4.24 
Water 3.58 Organic Substance 4.25 
Ash 3.86 4.63 Protein Complex 4.45 
Chlorides 3.53 * Arginine 4.74 
Heart 3.59 Cystine 4.69 

Heart Output 3.79 Fat 4.42 6.34 
Purine N 3.49 Liver 4.29 
Uric Acid 3.96 Free Glucose 4.86 

Non-Protein N 4.00 Carbonates 4.16 5.05 

IV 
From Huxley’s analysis", a is the ratio between the percentage 
dy/¥v 





changes in y and x. But - also equals the ratio between the growth 


Ax/x 
constants for categories y and x. Hence a=4y/x or 4x/hky according 
to which is the standard and which the comparate. If correct, all 
possible ratios among the growth constants in our list should fluctuate 
within comparatively narrow limits, about unity. This condition they 
obviously fulfill. If we restrict ourselves to categories and entities 
which are not analytical artefacts and whose kinetic interdependence is 
at once apparent, many of the extreme a-values dissappear. 


This means that organization is manifest not only when spatial 
dimensions are abstracted from time, but also when we consider them in 
their proper temporal settings. These two methods of analysis should 
and do yield quantitatively reconcilable results, and together demon- 
strate that organization dominates all the phenomena of growth. Even 
the disharmonies suggested by tumors and cancers are only relative for 
otherwise classification by pathological types would be impossible. 


Additional light on the nature of a and k is required. For the 
present they are proportionality constants and as such, pure numbers. 
To ask for an interpretation of either in terms of the velocity constant 
of some simple chemical reaction involves a misunderstanding not 
necessarily of the ultimate nature of growth but of our data. A quarter 
of a century of speculation has established a certain traditional attitude 
toward the sigmoid curve. But beyond fixing the curve securely in the 
literature, can it claim credit for a single significant discovery? 
Reviews such as Needham’s Chemical Embryology **, the Cold Spring 
Harbor Symposia on Quantitative Biology, Vol. II’, or Heilbrunn’s 
General Physiology °, demonstrate clearly that chemical studies are 
not being neglected ; are concerned with the effects on growth produced 
by the addition or subtraction of specific substances or forms of 
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energy; but that no recent work actually depends on the autocatalytic 
theory. This brave attempt has some historical interest but we are now 
free to renew the offensive initiated long ago by D’Arcy Thompson ** 
toward a general physics of growth. 
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Since the first scientifically conducted experiments of Trembley in 
1740 the property of living forms to grow and to differentiate again has 
intermittently preoccupied the minds of biologists, but the understand- 
ing of phenomena of regeneration has suffered from lack of a unified 
doctrine of research. The discoveries made in other branches of 
Biology and applied to spur research of regeneration have so far never 
succeeded in rendering this branch of Biology independent. The 
methods used in this field of research have revealed themselves 
inadequate to cope with the exigencies of such highly theoretical 
doctrines as, for instance, the field concept. New life has been injected 
into this discipline by the methods of experimental embryology but 
neither the methods nor the doctrines of embryology have been so far 
sufficiently well adapted to the study of regeneration. 


It seemed more in accord with the purposes of this symposium on 
growth and development to discuss arbitrarily only two of the most 
general, and most important problems facing the student of regenera- 
tion and to omit the other facts concerning chiefly the physiology of 
regenerative processes. A complete review of the facts concerning the 
morphology, histology, and physiology of regeneration has been 
presented in book form by Korschelt (1927), then by M. Abeloos 
(1932), and the more recent literature is easily accessible. 


Whether we remove the hydranth of a Tubularia, section a Planaria 
in two, clip off the tail of a tadpole, or amputate the leg of a newt, we 
always observe first an increment of cellular masses, and soon after the 
occurrence of form and structural differentiations. The origin of 
regenerative materials producing this growth (histogenesis of the 
regenerative blastema) and the factors which determine the develop- 
ment of regenerates into forms and structures (morphogenesis of 
regenerates) shall constitute the two main topics on the subject. 


I. ORIGIN OF REGENERATING TISSUES 
Since regeneration appears to be essentially a repetition of embryonic 
development, the obvious way to explain the origin of regenerating 
tissues was to seek for some remnants of the embryo which have 
persisted, and which could repeat the functions of embryonic cells in 
this new growth followed by differentiation. But this was found to 
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be true only in rare cases. More recently the problem of the origin of 
cells constituting the blastema has been the object of a systematic attack 
in practically all groups of animals. 

The histological study of regenerative blastemas constitutes one of 
the most difficult problems of research. It is indeed extremely laborious 
to ascertain in the confused regenerating blastema the genetic relation- 
ship between the old tissue elements and the newly formed ones. 


This blastema can come only from two origins: A, from an available 
supply of reserve cells capable of new morphogenetic activities when 
released after infliction of a wound or brought to the amputation sur- 
face by migration; B, the blastema can arise at the expense of existing 
materials which previously must undergo a process of dedzf ferentiation. 
It seems that both concepts—indifferent reserve cells and dedifferen- 
tiation—are defendable on the grounds of the histological evidence, 
reserve cells occurring apparently only in Invertebrates, dedifferentia- 
tion being the rule in vertebrate regeneration. It is, however, impossible 
to draw a clear line of demarcation between these two groups. 


It has long been known that when an organism develops from an egg, 
some cellular elements do not necessarily follow the differentiation of 
the rest of the organism, and remain in an histologically undifferen- 
tiated state (mesodermal mesenchyme cells). It has also been shown 
that there are cells endowed with multiple potentialities in other germ 
layers, such as the entodermal basal cells of the intestinal epithelium 
covering of insects, capable of differentiating indiscriminately into 
columnar epithelial cells or into goblet cells (Tchang Yung Tai, 1929). 
Schleip (1935) has found ectodermal neoblasts in the ventral nerve 
cord of Oligochaetes capable of forming not only new ganglionic cells, 
‘but also elements of the regenerating pharynx. It is important to 
mention this detail because the germ layer theory still has many a stub- 
born believer. 


A very complete review of the histogenesis of elements found in 
regenerates, accompanied by a study of the specific origin of some 
organs during regeneration in Invertebrates has been recently published 
by Stolte (1936). It might therefore suffice to note that research on 
Invertebrates show that: 


a. reserve cells, or neoblasts (Randolph, 1892) have been observed 
to constitute most of the organs in regeneration in Porifera (archaeo- 
cytes and pinacocytes ), in Coelenterates (‘‘I” cells or interstitial cells = 
mesenchyme), in Turbellaria (‘‘reserve cells” or “formative cells’’), in 
Nemerteans (neoblasts), in Polychaetes (neoblasts), in Oligochaetes 
(neoblasts), in Tunicates (Tropfenzellen of Spek, 1927, contested, and 
mesenchyme cells ( Brien, 1930) ). 
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b. dedifferentiation has been observed to produce all or some 
organs in regeneration in Turbellaria (parenchyme cells), Oligo- 
chaetes (ciliary sacs, circular muscles, and the brain formed at 
the expense of dedifferentiating epidermal cells (Hammerling, 1924) ). 
Also dedifferentiation of muscles wandering afterwards to the surface 
of amputation occurs (Weitzmann, 1927). Dedifferentiation of 
epithelium has also been observed by Stolte (1933). In the same 
Oligochaetes, the basal and peritoneal cells can either be considered as 
more highly differentiated neoblasts or as differentiated cells which 
dedifferentiate. In Tunicates the origin of regenerates from the 
epicard ( Brien, 1934) can also be considered as a case of dedifferentia- 
tion of existing structures. 

Further indications concerning the role of neoblasts have been 
obtained through the action of X-rays on Coelenterates, on Planaria, 
and on Oligochaetes. It was found that neoblasts are most susceptible 
to X-rays, and that their partial destruction slows down regeneration, 
while their complete destruction stops regeneration altogether (Curtis 
and Hickman, 1926). Recently Chen (1934) has followed neoblasts 
back to embryonic stages, showing their genetic relationship to early 
embryonic stages. 

A direct relation between the greater amount of formative cells in 
Planaria as against the lesser amount of these cells occurring in another 
genus, Procotyla, and their capacity to regenerate has been established 
by Curtis and Schulze (1924, 1934). Indeed, the genus Planaria 
regenerates much faster and more nearly completely than does 
Procotyla. By grading appropriately the amount of X-radiation 
applied to these species, Curtis and Hickman (1926) could again estab- 
lish a direct relationship between the amount of destroyed cells and the 
remaining capacity of the animal to regenerate. Similarly on 
Nemerteans, Coe (1932, 1934) showed that the variation in the 
regenerative capacities in the different regions of Lineus is due to a 
particular arrangement of formative cells, traceable histologically. 
Another significant contribution to the problem has been brought by 
Sayles (1928) who embryonized differentiated tissues by neoblasts or 
by injection of distilled water into the coelom. 


The consistent observation of modern observers that the number of 
indifferent cells is not very great before amputations but increases 
considerably afterwards only confirms the idea that the distinction 
between indifferent reserve cells and dedifferentiating cells is not very 
essential, since differentiated structures can be observed to become 
again indifferent. 


In Amphibia the origin of regenerating materials was long contro- 
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versial, but minute histological studies combined with ingenious trans- 
plantation experiments have brought solution to the problem whether 
the elements of regenerates derive from tissues directly adjacent to 
the surface of amputation or from other sources of the organism. 


1. G. Hertwig (1927) first showed for the newt by his transplanta- 
tions of haploid limbs on diploid hosts that all the tissues of the regen- 
erate derive in situ and are not furnished by the host. The work of 
Smirnova (1931) and Kazancev (1934) bring further confirmation con- 
cerning the local origin of the blastema from dedifferentiating tissues 
of the stump. But Hellmich (1931) in an extensive histological study 
on different species of Amphibia introduces new confusion into the 
subject. He distinguishes two different kinds of cells—hematogenetic 
and histogenetic—recognizable in the blastema: the hematogenetic 
elements are erythrocytes, lymphocytes, eosinophils, special leucocytes, 
and plasma cells; the histogenetic cells are mesenchymal fibrocytes, 
wandering cells, mast cells, pigment cells, giant cells, and pericytes. 
For Hellmich, then, the restoration of a new limb by regeneration 
involves the cooperation of the organism as a whole, since hemato- 
genetic elements are necessary constituents of the blastema. 


This conception of Hellmich has been proven entirely false by the 
precise work of E. G. Butler (1933-1935). In a first paper (1933) 
Butler had shown that regeneration was impossible in limbs previously 
exposed to definite amounts of X-radiation, and in a more recent paper 
(1935) Butler shows that failure to regenerate occurs only in the region 
of the body actually exposed to X-rays. Indeed, limbs situated in the 
shielded regions of the irradiated larva still retain their regenerative ca- 
pacity while the other limbs cease to regenerate. But by transplanting a 
healthy limb onto an animal which has been found to be totally 
incapable of regeneration, and finding that the transplant retains its 
capacity for regeneration on the X-rayed host, Butler proves conclusive- 
ly that the cooperation of the organism as a whole is not necessary, and 
that regeneration is a local process. This experiment discards 
completely the hematogenetic origin of the cells of the blastema, since 
the limb receives its blood supply from a host absolutely incapable of 
regeneration. He then concludes that only the histogenetic elements 
are necessary for the establishment of the blastema of regeneration. 
For the same obvious reasons, Butler’s technique is an improvement 
also on G. Hertwig’s experiments. A similar result has been obtained 
by E. Guyénot (1927) in an experiment in which a salamander leg was 
transplanted on a young toad incapable of regeneration. The salaman- 
der leg maintained its regenerative capacities on the foreign host 
although it was impossible to ascertain vascular connections. From 
Guyénot’s and from Butler’s experiments it became evident that the 
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necessary elements of the blastema must arise in loco at the surface of 
amputation. 

2. The histogenesis of the blastema was first studied by Fraisse 
(1885), Barfurth (1891) and Prowazek (1901) but the most fundamen- 
tal research on the origin of diverse elements of the tail of tadpoles 
(muscles, notochord and integument) has been made by Naville (1922 
and 1924). For the muscles particularly Naville could show that the 
new muscles in the tail were derived from sarcoplasmic buds of the 
injured muscles—a real dedifferentiation, followed by redifferentia- 
tion of elements. 

For Urodela, Butler (1933), observed the dedifferentiation of the 
histological components of skeletal parts followed by ulterior redif- 
ferentiation of these elements into skeleton of the limb. The blastema 
must, then, certainly be composed of at least some cells which previously 
were skeletal ones. 

Thornton (1938), a student of Butler’s, has extended this research, 
and made a thorough investigation of the behaviour of muscles and of 
the other elements in the regenerating limb in Urodeles. He found that 
the new muscles of the blastema are formed at the expense of either 
terminal or lateral cytoplasmic buds formed near the distal ends of 
muscle fibers. These cytoplasmic buds later on form aggregates of 
blastema cells of the mesenchymal type. For Thornton, then, the 
blastema is to be regarded as of multiple origin made up of dedif- 
ferentiated cells of the injured tissues of the limb (muscle, cartilage of 
the skeleton, nerve sheets, perichondrium, and possibly general 
connective tissue). Thanks to the researches of Naville, Butler, and of 
Thornton, the long debated problem of a dedifferentiation of elements 
with subsequent redifferentiation can now be considered solved in favor 
of the dedifferentiation theory. 

The important question whether the elements of this blastema 
redifferentiate exc/usively according to their previous origin remains 
open. True enough, muscle cells, in regeneration give off sarcoplasmic 
buds which have been observed to redifferentiate into new muscle cells, 
but is this all they can do? Could not broken down skeletal cells or 
nerve sheath cells or connective tissue cells also be capable of forming 
muscle cells? In other words, must there necessarily be a genetic rela- 
tionship between each cell type of the regenerate and the corresponding 
histological elements of the stump from which they originate? 

It is evident that we are here faced with a question of extreme 
complexity which cannot be solved by purely histological research, no 
matter how carefully executed. 
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II. HISTOGENETIC AND MORPHOGENETIC 
POTENTIALITIES OF REGENERATING TISSUES 

The fact that the above mentioned three investigators have succeeded 
in tracing the origin of regenerating elements from old tissue over 
undifferentiated looking cells to the final differentiated elements of 
identical structural constitution reveals only the prospective significance 
of those elements, it cannot reveal anything concerning the prospective 
potency of the considered blastemic constituents. To conclude from 
the observed relationship between the dedifferentiated elements of the 
blastema and their ulterior fate that muscle cells can form nothing but 
muscles, notochord cells nothing but notochord, would be the same as if 
we concluded from Vogt’s Anlagen plan that prospective ectodermal 
cells can form nothing but epidermis since they always do form it 
normally. 

The purely observational facts of adequate morphogenesis and 
organogenesis proceeding from proximal to distal, the polarity of 
regenerates maintained even when only a small amount of a stump is 
transplanted, made it soon evident that some guiding principle must 
determine morphogenesis, histogenesis, and organogenesis of regener- 
ates. It was only, however, thanks first to the introduction of the 
gradient concept by Child (1915, 1929) and later to the introduction of 
the “field concept” ( Harrison, 1918; Spemann, 1921a; Gurwitsh, 1922; 
Schaxel, 1922; Weiss, 1926; Guyénot, 1927) that a theoretical basis for 
discussion and research was given. Paul Weiss, the outstanding theore- 
tician of the field concept for regeneration, has recently (1939) again 
formulated his revised ideas on the subject as follows: the field is pri- 
marily an entity endowed with a stable structure bound to a material 
substratum. When in equilibrium the stable structure of the field is 
characterized by a definite and unique distribution of properties, the 
field pattern. Within limits, this pattern can be restored after disturb- 
ances. Since this pattern is heteroaxial, its structures vary along the 
spatial coordinates, and since it is heteropolar, the properties of the field 
pattern differ in the two opposite senses along the longitudinal axis 
Also, when the mass of a field district is reduced, this does not affect 
the structure of the field as a whole. While the absolute limits of the 
field shrink, its proportions remain unaltered. There is no commit- 
ment, at least not in its present definition, concerning the nature of the 


field. 

The material existence of fields or “territoires’” (E. Guyénot, 1927) 
has become reasonably certain by the following experiments: 1. 
Splitting in halves of whole limbs (P. Weiss 1926) by which it has been 
demonstrated that the harmonious proportions of a field remain 
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unaltered, even though the base of the regenerate contains only half the 
cross section of a normal limb. 2. Zvansplantation of field parcels 
(Della Valle, 1913; Kurz, 1922; Milojevi¢ and Grbic, 1926; Burchardt, 
1930; Bischler, 1926; Vallette, 1929, Guyénot, 1927; Guyénot and 
Ponse, 1930; Butler, 1935). These experiments have revealed continu- 
ity and individuality of regenerates. A tail, for instance, transplanted 
on the back remains a tail, and maintains its “tail’’ properties. 3. Ac- 
tevation of fields by the deviation of nervous trunks from one field to 
another. (Locatelli, 1924; Guyénot and Schotté, 1926; Bovet, 
1930). At the point of emergence of the nervous trunks, proliferation 
occurs. The morphology, however, of these heterotopic regenerates 
expresses the properties of the field where the nerves emerge, not the 
morphology of the constituents of the field which have provided the 
stimulus to proliferation. This demonstrates the specificity of field 
reactions. 4. Extirpation of fields (Schaxel, 1921; Schotté, 1926; 
Vallette, 1929; Hellmich, 1931) is followed by failure of regeneration 
if the extirpation was complete and confirms again the material nature 
of fields, since they have topographical limits and can be exactly cir- 
cumscribed. 

The role which these fields exert on the fate of regenerates has been 
determined by two sets of experiments: (1) 7vansplantation of organ- 
remnants with regenerates or of old regenerates (Schaxel, 1922; Milo- 
jevi¢, 1924; de Giorgi, 1924), which experiments conclusively 
showed that the quality of the regenerate is determined by local 
factors rather than by general ones, since a small slice of a limb 
transplanted on the back is sufficient to regenerate the missing distal 
part of the limb. 

(2) Heterotopic transplantation of young regenerates onto various 
fields (Schaxel, 1922; Milojevic, 1924; de Giorgi, 1924; P. Weiss, 
1927; Guyénot and Schotté, 1927; Abeloos and Lecamp, 1931). The 
results from this latter series of experiments suggest more than they 
prove that the presence of a field is necessary to enable a regenerate to 
acquire a morphological and histological differentiation according not 
to its origin, but to its final location. From transplantation experi- 
ments of later blastemas it became evident that after a short time, a 
week or a little more, the regenerating tissues had received something 
from the stump elements where they originated which enabled these 
tissues to continue their normal trend of development even in the ab- 
sence of the stump. 

We distinguish, therefore, two phases in the life of the blastema: a 
phase of indifference or of lability, during which the nature of the fu- 
ture growth can be influenced, and which, in the terminology of em- 
bryology, should be characterized as a phase of indetermination ; and an 
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opposite phase, in which the blastema has been submitted for a long 
enough time to the field actions of its location to receive definite and 
apparently irreversible impulses for differentiation. After this period 
the regenerate is said to be determined, and will develop at any 
foreign place according to its origin and not according to its position. 
( See criticism of the term ‘‘determination” in Harrison, 1933) 


The evidence on which these important conclusions are based is 
slight, and there are causes of errors which render the ultimate fate of 
the transplanted materials quite dubious. Due to the delicacy of young 
regenerates, the number of successful cases was small. I must confess 
that up to 1936, the totipotency of the tissues of young blastemas was 
more an article of faith than a scientific conviction. 


It is, therefore, not surprising that the whole concept of the inde- 
terminacy of regenerates, and consequently also of the fields has been 
the object of criticism, and at present of a concentrated attack 
conducted by several Russian investigators—Liosner (1938), Woron- 
zowa (1938) and Polejaiev (1936, 1937). Liosner and Woronzowa 
(1937) base their criticism of the field theory on the claim that the 
field cannot be conceived otherwise than as a totality, therefore on 
removal of parts from a field the latter should be so disturbed as to lose 
its morphogenetic unity. The chief criticism of Liosner and Woron- 
zowa, however, is that the field theory is not very different from 
Driesch’s entelechy, and that the lack of any precise definition of the 
mode of action of fields is replaced in Weiss’s presentation by the words 
“dynamic action”. For them the field concept becomes meaningless if 
the wholeness of a system, limb, or tail is not destroyed in removing 
such elements as the skeleton, nerves, vessels, and most of the connective 
tissue. 


The experiments which the authors bring in support of their criticism 
are certainly interesting contributions to our knowledge on regenera- 
tion, but in their theoretical implications they simply confirm our ideas 
on the field activities. Liosner and Woronzowa (1937) proceed to 
strip the tail field of its main attributes, such as the central axial 
system, notochord, spinal cord, and the skin. They then implant tail 
muscle only, with of course some connective tissue, into a leg sleeve 
obtained by removing the whole skeleton and as much as possible 
of the muscles of the leg. The experiment is extremely interesting in 
its results, since they obtained in the subsequent regenerates essentially 
a tail structure. One observes clearly metamerized muscles, and 
interesting detail, even skeleton, which has in some cases definite 
characteristics of metamerized vertebrae with metamerically separated 
neural arches. Woronzowa and Liosner (1938) conclude from their 
experiments “that the direction of the regeneration process depends on 
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the presence of definite constituents of the organ. The sum total of 
these constituents creates those constant conditions which define the 
typical result of regeneration. At the same time it cannot be taken 
that the structure of the regenerate is predetermined in the remnant of 
the organ”. Finally the authors conclude that “the theory of the in- 
different state of the blastema is erroneous’ and further that “the 
hlastemas of ‘different organs are not equivalent as to their potencies”, 
and also that “the thesis of the determination theory that different 
directions of development of the blastema of various organs are defined 
by the influence of underlying tissues is therefore to be refuted”. 

Polejaiev (1936) reaches very similar conclusions based on some 
experiments in which he obtains the regeneration of a normal limb at 
the expense of a leg previously completely ground and placed into a 
‘eg skin sleeve. If triturated tail tissues are introduced into a similar 
leg sleeve, he observes the regeneration of a caudiform organ, which in 
his own words proves “that the structure of the regenerate can arise 
independently from the presence of the old structure of the rest of the 
organ’. He considers then that the structure of regenerating organs is 
conditioned by definitive linkages among cells which possess character- 
istic organizing properties. These properties do not disappear with 
the destruction of the whole organ. In another series of experiments 
Polejaiev transplants a tail blastema on the site of a limb—he obtains 
only caudiform organs, never a regular induction of the tail blastema 
according to its new position. From the fact that four or six tail 
blastemas transported on the limb region develop only one tail Polejaiev 
surmises that the young blastema possesses its own organizing proper- 
ties. From the point of view of methods many of these experiments 
can be severely criticized especially when Polejaiev not only concludes 
that the totipotency of regenerative blastema is far from being 
demonstrated but expresses also serious doubts whether the surface of 
amputation really gives birth to the cell masses of the blastema. In 
other words, Polejaiev brings up again the problem of the autogenous 
origin of the tissues of the blastema, which after the papers of Naville 
on the Anurans, Butler and Thornton on Urodeles, can be considered a 
settled question. 


The interesting results obtained by the three Russian authors can be 
interpreted without subterfuge by Weiss’s field concept, especially as 
presented in 1939. It is true that this concept lacks explanatory value— 
and Weiss admits it—but whatever the underlying causes which 
determine the field qualities might be, the field concept explains experi- 
mental facts which the named authors omit in their criticism, such as 
the results obtained from transplantations, activations and extirpations 
of fields. It is obvious that the three Russian authors believe that every 
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tail or leg cell has irrevocably received its “leg” or “tail” quality, by 
some kind of embryonic segregation. Liosner and Woronzowa have, 
however, given an elegant demonstration of the importance of muscle 
tissues for the formation of regenerates, which fact has indeed been 
neglected before. Credit belongs to the three Russians for having once 
more brought up the complexity of the problem of the potentialities of 
regenerates, and for having again shown how these problems cannot 
any more be handled with the gross methods still in vogue in the field 
of regeneration. 


Ill. NEW PROPERTIES OF REGENERATES 


“Embryonic” inductions in regenerates. 

The controversy concerning the totipotency of regenerates has so far 
been limited exclusively to leg and tail fields. If blastema tissue is 
really totipotent then it should be able to respond to the stimulus of 
inducing agents of any type. This has been successfully achieved by 
submitting young regenerates to the action of eye cups, thus repeating 
on regenerating tissues the experiments of Lewis, Spemann, Harrison 
and others (Schotté, 1937a; Schotté and Hummel, 1939). It was 
observed that sufficiently young leg and tail blastemas of Anura and 
Urodela, if favorably placed in the eye from which the lens has been 
previously removed, can be made to form new lenses at the expense of 
even mesodermal elements of the regenerate’. In another series tail 
regenerates have been submitted to the activating action of an em- 
bryonic eye-cup. As a result of this transplantation profound modifica- 
tions occurred in the vicinity of the implant, leading eventually to the 
induction of ear vesicles, olfactory pits and in two exceptional cases 
even to the formation of mouth cavities (Schotté, 1937b). In another 
modification of a similar experiment, H. Emerson obtained in frog 
tadpoles also the induction of ear vesicles in tail regenerates following 
implantation of hind brain ( Paper in process of publication ). 


The conclusion to all these experiments is twofold: a) the regenerat- 
ing tissues dedifferentiate for some unknown reason and pass through 
a stage of indifferentiation during which they are susceptible to exhibit 
all sorts of “competences” which, as we now know, they have never lost: 
b) to differentiate these tissues need some sort of an inducing agent, 
normally produced by the conditions of the amputation surface, experi- 
mentally by that morphogenetic field which determines the ultimate 
fate of the regenerate. 


1The possibility of lens formation at the expense of regenerating tissues has been con- 
tested by Stone and Sapir (1938) who claimed that our results can be explained by the 
regeneration or reconstruction of lenses from remnants of lens epithelium inadvertently left 
in the eye-chamber. ‘This criticism has been recently met (O. Schotté, 1940) in another. 
although still preliminary, publication concerning new experiments. 
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A simple experiment in which loss and recuperation of competence 
for lens induction can be demonstrated on the same material shall 
illustrate this proposition. It is known that already at the neurula 
stage in Rana pipiens the embryonic epidermis is unable to become acti- 
vated -into lens formation by the young eye cup. Would the infliction 
of a wound enable this “determined” epithelium to recuperate its 
recently lost potency ? 


This experiment recently performed in collaboration with. my 
student, Mr. Arthur, (paper in process of publication ) has been entirely 
successful. Two series of operations were performed in late embryonic 
stages of Rana pipiens, (21 and 22 Pollister and Moore, about 
stage 35 of Harrison). In a first series a flap of epidermis around the 
eve was lifted, leaving it however attached to the upper orbital rim, 
the lens was then removed from the eye and the flap replaced. No lens 
formation was observed in 24 of the cases studied histologically. In 
another series the lenses were extracted by the same method, but in 
addition a large circular flap of orbital epidermis was removed by 
circumcision, the inflicted wound being left open. The result was 
surprisingly clear, since in all but three exceptional cases the head 
epidermis had recuperated its lens forming competence (nine cases 
observed with lens rudiment still attached to the regenerated epider- 
mis). In other words, the inflicted traumatism had rendered the 
epidermis “young” again, thus enabling it to respond again to the 
inducing stimulus of the eye cup. 


Whether this recuperation of lens competence after injury of the 
orbital epidermis is due to an active proliferation by mitosis leading to 
eventual wound healing has not been ascertained, but is quite unlikely. 
The mere exposure of the epidermis to some unknown conditions pre- 
vailing in an open wound seems to be sufficient cause to enable those cells 
to dedifferentiate and thus regain their embryonic lability, at least so 
far as lens ‘‘competence”’ is concerned.” 


Morphogenetic and histogenetic induction. 

The experiments in which blastemas of different origins differenti- 
ate according to their new location can be classed under morphogenetic 
induction since, in those experiments, form modifications are the 
important feature. The morphogenetic induction of regenerates can be 


2It has long been considered that the formation of a wound (wound hormones?) is neces- 
sary to initiate proliferation. This does not seem to be a sine qua non condition since Barth 
(’38b) and his student Zwilling (’39) have revealed the role of oxygen in regeneration of 
Coelenterates as a factor controlling the speed and amount of regeneration. Zwilling has 
further established that an injury to the exposed cenosarc is not necessary for the start of 
regeneration in Tubularia. The occurrence of cancerous proliferation without wound is 
another illustration to the point. 
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attributed to the action of “fields” and seems to us more easily 
intelligible, chiefly because we have been dealing with this process for 
quite some time without understanding it. The mode of action of fields 
is indeed by no means clear. It is thanks to their influence that an organ 
such as an arm, amputated in the region of the stylopode, succeeds in 
regenerating not only a complete humerus, but the joint of the forearm, 
the radius and the ulna, all the carpal bones, and the phalangae of the 
fingers and toes. What brings about this wholeness is the task of 
future investigation. We here encounter the same set of questions which 
faces the experimental embryologist when he has to explain how a part 
of the upper blastoporal lip is capable of inducing in the embryo a whole 
nervous system. According to Weiss (1939) we might admit the possi- 
bility of an ultrastructural basis of fields which might contribute to the 
explanation of morphogenesis in the embryo and also in regeneration. 


If then the properties of the “morphogenetic field’ determine the 
morphogenesis of the blastema the intimate structure of the product’ 
can be understood only if we admit also the existence of a histogenetic 
induction. 

If histogenetic induction is a fact, then it should be possible to 
observe the actual transformation of histological elements in loco 
without genetic relationship to each other. As can be realized, an 
experiment of this kind can be successful only if we can make certain 
of the individuality of host and donor tissues. Such condition can be 
fulfilled in xenoplastic transplantations between Urodela and Anura. 
In collaboration with my students, J. Kobler and F. Pemberton, I suc- 
ceeded this summer in performing the following experiment : 

A thin slice of a leg containing the two zeugopode bones (tibia and 
fibula) of a young frog is implanted beneath the three day tail blas- 
tema of an Amblystoma larva. Seven days later a little still 
undefinable organ emerges from the host’s regenerate. The histological 
sections reveal local transformations of the mesenchyme of the host in 
which the two cartilages of the donor are recognizable by the reduced 
size of their nuclei. These transformations express themselves in the 
formation of a typical urodele cartilage, which might be prechordal or 
might also be the beginning of any other bone formation. In some 
places one observes the actual invasion by urodele cartilage of the two 
anuran bones. 


This experiment reveals for the first time at least one particular case 
of tissue induction in regenerates. It can now be assumed that skeletal 
cells of a regenerating organ do wot necessarily form skeletal cells but 
that they do so normally because their own dedifferentiated elements 
find themselves under the influence of the old skeletal tissues. In my 
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present conception the elements of the blastema form the different histo- 
logical elements composing the regenerated organ by the same process 
of homeogenetic induction as we encounter in embryos. In the classic 
Spemann case of transformation of presumptive body ectoderm into 
nervous tissue the “‘nervous tissue competence” of the presumptive 
ectodermal cells is induced by the new neighborhood and so is, accord- 
ing to the above experiment, general blastema tissue of various origins 
being transformed into cartilage. Whether histogenetic induction 
can also be proven for spinal cord, muscles and nerves remains to be 
seen. As this is being written encouraging results are being obtained. 


These experiments suggest that the problems of regeneration should 
be approached with methods similar to the ones used in experimental 
embryology. Both processes of morphogenesis have the common 
feature that morphogenetic differentiation is preceded by proliferation 
leading to the formation of apparently structureless cell masses. 


Proliferation and therefore formation of a blastema are problems of 
cellular physiology which will become intelligible to us when we know 
more about the factors regulating cellular division. The causes of 
regeneration, important as they are to us for obvious reasons have how- 
ever nothing to do with the problems of histogenesis and morphogenesis 
of regenerating tissues. In a recent excellent paper a Danish 
biologist, Brgnsted (1939) has again attracted attention to this 
important point. He demonstrates by a special method of fusion of 
fragments of Planaria preventing the formation of blastema tissue that 
the induction of new organs becomes absolutely impossible under 
conditions in which no blastema is being formed. He also demonstrates 
quite conclusively that the inductive property of the transplant is closely 
bound to its quality as a blastema and not to the structural organization 
of the old tissue. 


In conclusion it can be said: 

1. Proliferation and the faculty of the organism to form a blastema 
seem to be a general property of the organism considered as a whole. 
The formation of new cellular materials is greatly under the influence 
of general conditions external to the involved tissues themselves. They 
depend on the greater or lesser endowment of some organisms with 
indifferent materials. If these are wanting, then in order to regener- 
ate the organism must possess the faculty to dedifferentiate their 
existing fully developed cells. In Amphibia at least all evidence points 
to the fact that the cells of the blastema derive in situ from the existing 
differentiated elements of the regenerating areas which have to under- 
go a complete dedifferentiation. 


2. Regeneration proper, under which we understand the transforma- 








OSCAR E. SCHOTTE 


lions occurring in the blastema and leading to the formation of organs 
or parts of organisms, results from the operations of organizing 
properties of the old tissues from which proliferation occurs. These are, 
essentially, local processes. 

3. The organizing properties of the stump seem to exert themselves 
in two ways: 

(a) a hestogenetic induction by which the histological nature of the 
elements of the blastema is determined by a process of progressive 
induction from proximal to distal but without, necessarily, a genetic 
relationship of the cells of each histological ‘type with each other. 

(b) a morphogenetic induction by which, due to the convergent 
action of many still unknown factors, the form and eventually the type 
of organ is determined by the nature of the morphogenetic activities 
inherent in the organ remnant. 

4. The organizing agents in the embryo and in the regeneration of 
adults are considered almost identical, with only slight differences: 

(a) the embryo can be called a self-differentiating morphogenetic 
system which has within its own limits all that it takes to produce an 
organism. The cells of that system are originally totipotent, at least 


in Amphibia, and progressive differentiation into structures occurs 
because of limitations of their totipotency by organizing agents situated 
within the egg. 

(b) the (young) regenerate is a dependently differentiating system. 
It is part of the organism, therefore not self-sufficient and must receive 
its differentiation from without. 


The fact that differentiated cells of the adult can be found to re- 
cuperate really embryonic potencies opens new prospects of research 
which are full of promise. From the point of view of a student of re- 
generation, the arbitrary gulf between embryonic and adult stages 
disappears, to give room to a more flexible concept of life. 
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THE CELL-ORGAN RELATIONSHIP IN 
PLANT ORGANIZATION 
By 
EDMUND W. SINNOTT 


Columbia University 


The problem of organization is the central one in biology. What the 
factors are which control development in such an orderly fashion that 
an organic system, highly coordinated as to its many parts but 
integrated into a single entity, the organism, is produced, presents an 
enigma as yet quite unsolved. It is upon this major problem that not 
embryology alone but every other biological discipline is coming more 
and more to focus for its solution will be intimately concerned with 
every question about living things. 

This problem has been approached chemically through a study of 
hormones, organ-forming substances, organizers and other specific 
bodies; and from a physical point of view by an analysis of metabolic 
gradients and morphogenetic fields. These attempts have yielded much 
information and led to hopeful speculations but as yet they can hardly 
be said to have done more than emphasize the complexity of the problem. 
What is still needed is the accumulation of a wealth of new facts both 
as to normal development and its experimental modifications, derived 
from the study of a wide variety of organisms. The higher plants 
provide especially good material for several reasons: the individual 
here is much less closely integrated than is the case with most animals, 
so that the beginnings of the organizing process can be examined; the 
indefinite multiplication of morphologically similar determinate or- 
gans, such as the leaf, flower, and fruit, provides an opportunity for a 
study of genetically identical organized entities under a wide variety of 
conditions; and the developmental process, localized in permanently 
embryonic meristematic tissues, may be investigated over a long period. 
It is one aspect of the problem of organization, as exemplified in plant 
material, which I propose to discuss here. 

Perhaps the most distinctive feature of biological organization is 
that it occurs at successive levels. Cellular components are organized 
into cells, cells into organs, organs into organ systems, and organ sys- 
tems into individual organisms, an arrangement which has aptly been 
termed a hierarchy. An entity at one level consists of an aggregation of 
entities at the next lower one. A very important question arising here, 
and one which obviously lies at the root of the problem of organization, 
is this: Does the character of a given organized entity at one level 
depend on the interaction of the group of entities of the next lower level 
which compose it ; or does a new system arise with characteristic organi- 
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zation of its own, unrelated to the aggregation of lower units? The 
point where this problem may be attacked most easily is in the relation 
between an organ and the cells of which it is composed. Our question 
may therefore be restated thus: Does the organization of an organ 
depend upon interactions between its constituent cells, or is the organ a 
new system, unrelated to the fact that it is subdivided into elements of 
a lower order? 

This problem of the cell-organ relationship has engaged the 
attention of students of development for many years. The fact that 
cells of a sponge which have been mechanically separated will come 
together and _ reconstitute the organism, and that in - certain 
myxomycetes the individual amoebae slide over each other and build a 
complex fructification, have convinced many that the organism is a 
society or a commonwealth of cells and that its character is merely the 
resultant of various relationships and interactions which take place 
between these cellular individuals under the control of definite laws. 
Others have called attention to various difficulties in such a position. 
The general basis of the Cell Theory has been subjected to a close 
scrutiny in this its centennial year. 

For a study of the cell-organ relationship plant material is particu- 
larly useful, since vegetable cells because of their firm walls are easy to 
observe and measure, and because an abundance of morphologically 
equivalent organs is available in the same individual. The purpose of 
the present paper is to consider the developmental relations of cell to 
organ with particular reference to the ovary and fruit of two species of 
the family Cucurbitaceae, Cucurbita Pepo and Lagenaria vulgaris. 
Within each of these, there are wide differences in size and form be- 
tween the fruits of genetically diverse races, and the relation between 
these differences and the ones which occur in the size, shape and number 
of the constituent cells may readily be studied. The relation of cell to 
organ will be discussed with regard to characters of size and of form. 


EVIDENCE FROM SIZE 


One of the simplest aspects of organization is the control of size. 
Growth of organ or body does not proceed indefinitely but ceases at a 
specific limit, and it is possible to determine whether size differences 
in cell and organ are related to-each other. 


1. Cell Size and Organ Size. Developing cucurbit ovaries and fruits 
from races which differ widely in fruit size have been studied as to the 
size of the cells in their various tissues—the placental region, the suc- 
cessive layers of the wall, and the epidermis In each tissue growth 
takes place at first chiefly by cell multiplication, though cell size slowly 
increases also. After a specific cell size is reached, division ceases, and 
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all further growth of this tissue is by cell expansion. The innermost 
tissues, as compared with the successively outer ones, show more rapid 
increase in cell size during the period of division, earlier cessation of 
division, and greater ultimate cell size. Large-fruited races as com- 
pared with small-fruited ones typically show no difference in cell size 
during early development but a more extended period of division, and 
greater cell expansion after division has ceased. 


The most obvious result derived from such a developmental analysis 
is the great diversity found in the relations between the size of the fruit 
and the size and number of its cells. Fruits of the same size may have a 
very different developmental history as to duration of cell divisio 
amount of cell expansion, and cell size at the point where division ceas: 
Despite these differences in cell behaviour, however, the fruit undergoes 
a regular growth cycle which is remarkably similar in all races, and 
consists of an early period of growth at a constant compound-interest 
rate followed by a gradual reduction in rate until final size is attained. 
Differences in size are related to differences in the duration of this 
growth cycle, but the general character of the growth curve is 
remarkably similar in all types. The fruit behaves as a simple unit, 
regardless of the particular way in which its substance is divided into 
cells. 

2. Cell Division and Growth Rate... This conclusion is emphasized 
by the apparent independence of growth rate and cell division. In 
small-fruited types, division ceases in all tissues at not far from the 
same time, usually within a period of 24 hours. If the growth rate of 
the ovary is measured, this is found to be precisely the same before 
division ceases (when growth is chiefly by cell multiplication) and for 
several days after this, when growth is entirely by cell expansion. If 
the logarithm of volume is plotted against time, a straight line results 
which passes without change of slope through the period when division 
ceases. This constancy in rate of increment is shown by dry weight as 
well as by volume, The fruit draws food and water from the plant just 
rapidly enough to maintain the growth of the organ at a constant rate, 
regardless of whether this growth is due to cell multiplication, cell 
expansion, or a combination of both. Here again it is the entire organ 
rather than its cells which presents the simplest and most unified 
developmental picture. 


3. Meristematic Cell Size. The terminal growing point, at the apex 
of the stem, is the tissue which determines shoot development. Dr. W. 
G. Whaley has recently shown in our laboratory that during the growth 
of the tomato plant the size of the meristematic cells at the growing 
point continually decreases during the active growing period of the 
plant. Cell volume is about 1350 cubic micra in the meristem of the 
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embryo, 530 cubic micra after 14 days, and 300 cubic micra at the end 
of 77 days. During this period the growth of the plant in bulk is pro- 
ceeding at a constant logarithmic rate. Evidently the rate of 
production of new material at the meristem bears little relation to the 
size of the cells in this embryonic region. 

4. Unequal Growth of Single Cells. The length attained by most 
axial structures of plants results from a marked elongation of their 
cells after division has ceased. This is seen with especial clearness in 
roots and is familiar in the classic case of the onion root tip. We have 
recently succeeded in growing very delicate roots of certain grasses so 
that a group of living cells and their descendants can be observed at 
intervals under high magnification. After the last division in a given 
lineage has taken place, the progress of elongation may be observed. 
Careful measurements show that in each cell, elongation is at first more 
rapid at its basal (proximal ) end and later at its apical one. It is thus 
brought about not by a uniform expansion of one cell after another in 
a series toward the apex, but rather by a “wave” of elongation which 
proceeds apically and affects first one end of each cell and then the 
other. This is not what one would expect to happen if growth of the 
organ were the result of growth of relatively independent cellular units. 


In all these cases it is the organ or body which shows the more simple 
and unitary growth program in the attainment of a specific size, and the 
cells of which the organ is composed display a much greater diversity 
in size, number, and rate of change. 

EVIDENCE FROM FORM 

Organic form is more obviously the result of organized development 
than is size. Indeed, form is merely the outward expression of biologi- 
cal organization. Here again a study of the relation between the 
characters of cell and organ, in homologous plant structures which are 
very diverse in shape, proves of value. 

1. External Form. Fruit shape in these cucurbit species is extremely 
variable, ranging from the very long, narrow “club” types to the short, 
much flattened ‘‘disks’’. In none of the races examined have these shape 
differences been found to be related to differences in the shape of the 
component cells, for these are essentially isodiametric in all. 


Fruit shape may also be shown to be independent of the size of the 
organ and thus of the number and size of the cells which compose it. 
In one case which has been thoroughly investigated there is a single- 
gene difference between two shape types, one an isodiametric spherical 
or broadly pear-shaped form and the other a flattened disk. This dif- 
ference expresses itself over a wide variety of genetic backgrounds and 




















81 





THE CELL-ORGAN RELATIONSHIP 


fruit sizes. Thus when a small sphere race (about 700 gms.) was 
crossed with a large disk race (about 1300 gms.) there was a sharp 
segregation of the two shape types in F,. The Fy, spheres and disks 
were both of many sizes but averaged almost exactly alike as to weight 
(1026 gms. to 1036 gms. ). Size, involving chiefly number of cells, here 
is evidently inherited in a typical multiple-factor fashion and quite 
independently of the genetic basis for fruit shape, in which only a 
single gene-difference is concerned. 

More complex shape differences, involving more than a single pair 
of genes, often behave in the same way and are quite independent of 
fruit size. This is evident from a number of facts from crosses between 
races of Cucurbita differing in both size and shape. (a) There is.no cor- 
relation in F, between the shape index of a fruit and its weight. (b) In 
any given pure line or F, there is a marked positive correlation between 
length and width but in the F, there is a significant negative correla- 
tion between these dimensions. This is to be expected if shape and 
weight are independent in inheritance, for at any given volume an in- 
crease in one dimension must be accompanied by a decrease in the other. 
(c) In pure lines and the F, of such crosses, length and width are equal 
in variability, but in the F, length is twice as variable as width. In rad- 
ially symmetrical structures like these, where width enters twice into 
the production of a given volume but length only once, this difference 
in variability is to be expected if shape is independent of size. These 
lines of evidence therefore agree in indicating that the determinative 
basis of form in such organs is independent of organ size and thus of 
the number and size of the cells which compose the organ. 


2. Internal Dif ferentiation. During early ovary development there 
are marked changes in the relative proportions of the various tissues, 
the inner ones showing a relative increase and the outer ones a relative 
decrease in volume. Divergence in cell size between tissues also in- 
creases. Tissue volume and cell volume have been determined at var- 
ious ovary sizes, and the increase in cell number calculated. In the 
twelve races studied it was found that the number of cell generations in 
a given period, and thus the rate of cell division, is the same in all tis- 
sues. Incidentally, increase in cell number keeps pace rather closely 
with increase in ovary surface, which may thus act as a pacemaker for 
cell multiplication. Differences in tissue volume must be due entirely 
to differences in cell size. It is evident that a considerable degree of 
change in tissue proportions and cellular differentiation takes place 
even though the pulse of cell division is beating at the same rate 
throughout the entire organ. 


3. Planes of Cell Division. Since differences in fruit shape are not 
related to those in cell shape, they must depend upon the control of cell 
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number in the various dimensions. Whether or not this is due to dif- 
ferences in the planes of cell division, in cucurbit fruits of markedly 
different shapes, was determined by studying the early developmental 
stages when growth is still chiefly by cell division, and by measuring 
the angles between the axis of the ovary and the polar axes of all ob- 
servablé mitotic figures. In races where length and width are known 
to grow at approximately equal rates, as in most varieties of Cucurbita 
Pepo, mitoses are equally abundant at all angles. In such types as the 
club gourd, however, where length is found to grow more rapidly than 
width, there is a marked excess of figures which make a relatively 
small angle with the axis. It therefore seems clear that differences in 
ovary shape are related to the relative frequency of cell division in var- 
ious planes, and from this fact it may be argued that the ultimate con- 
trol over form does indeed reside in the individual cells, which deter- 
mine their own planes of division. 

There is the obvious possibility, however, that factors other than 
those concerned with the organization of individual cells may determine 
planes of division, and there is some evidence from this material (and 
elsewhere) that such is the case. In the Indian snake gourd, Tricho- 
santhes, which attains a length of over two meters but a width of only a 
few centimeters, growth in length is very much more rapid than in 
width. The great majority of new cell walls are at right angles to the 
ovary axis, so that the cells are arranged in longitudinal rows much as 
in a root or stem, and the angles between axis and figures are again 
relatively low. There is here an opportunity to compare the angles at 
various stages of mitosis with the final position of the cell axes. The 
angles of metaphase, anaphase, and telophase figures were measured 
separately here, and considerable differences observed between 
them. The metaphase figures were mostly distributed between 0° and 
40° and showed marked variability. The anaphase angles were smaller 
and their variability was less. The telophases were still more uniform 
and showed still smaller angles with the axis. The new walls, devel- 
oped from the cell plates, were almost all such as would result from a 
figure parallel with the axis. These facts indicate that in the early 
stages of division the axis of the mitotic figure fluctuates in its orien- 
tation but that as division proceeds it becomes more and more definitely 
fixed until it finally settles into its ultimate position. The behavior of 
these figures resembles that of swinging magnetic needles which final- 
ly come to rest in a position determined by the magnetic field in which 
they lie. Either these cells are all polarized in the same way, or their 
plane of division is determined by the polarity of the organ as a whole. 
The same conclusion will doubtless hold for those races in which there 
is diversity in the ultimate angles of the mitotic figures, though the 
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problem here is more complex. In all types, divisions in each plane 
must be just frequent enough and located in just the proper places to 
insure constancy in the form of the developing organ, or precise changes 
in its form. It is difficult to see how such precision could be attained 
if the plane of division of each cell were determined without reference 
to the organization of the organ as a whole. 

CONCLUSIONS 

Evidence from these various sources therefore supports the view that 
the development of an organ proceeds with little relation to the manner 
in which it is cut up into organized cellular units. The division into 
cells, though of great physiological advantage since it makes possible 
the separation of various processes, is apparently of much less signifi- 
cance for development. Organization at one level seems independent of 
that at another, An important implication of this view is that a knowl- 
edge of the organization of any given structure cannot be obtained 
through the usual method of analyzing it into smaller and smaller com- 
ponents. Synthesis rather than analysis is the technique required. 

With these general conclusions most students of development would 
probably agree. If the organization of an organ or body is woé the result 
of cellular interactions, however, and if organization at one level does 
not spring from that at a lower one, we are forced to look elsewhere for 
an explanation of the control of development. It must be admitted 
that the search has not as yet been very fruitful. The organizer reaction 
in animal development is promising, but although much is known as 
to the evocator mechanism, the response which this calls forth and in 
which the essential morphogenetic factors are operative, is but little un- 
derstood. Less complex morphogenetic substances have been postulated 
for plants, but their developmental mechanisms are unknown. Gene-con- 
trolled diffusible substances, affecting pigment production and certain 
other characters, have been demonstrated, but for such substances to be 
of morphogenetic significance it is essential that they be distributed, in 
time and space, according to a definite pattern, the mechanism of which 
is still unknown. It is possible that there may be a relation between 
organic form and the specific shapes of protein molecules, as has been 
suggested by Harrison, but direct evidence for this hypothesis is lack- 
ing. 

We are perhaps mistaken in seeking explanations of organized devel- 
opment which are purely biochemical rather than exploring those 
which are more strictly physical in character. Thus the concept of mor- 
phogenetic fields, although rather vague and difficult of statement, is 
proving its usefulness in many problems. Burr has shown the possi- 
bility of a definite electrical basis for such fields in the existence of 
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constant patterns of potential differences around developing embryos, 
and has argued effectively for the importance of such fields as pri- 
mary factors in development. Certainly in the development of such traits 
as those of organ shape here described, it is difficult to think of a 
simple biochemical mechanism as operating, and the concept of some 
sort of a general morphogenetic control of the entire mass of the or- 
yan, irrespective of its division into cells—a control which we may call 
a “field” for want of a better name—inevitably suggests itself. 

The vagueness from which the term “‘field” suffers may be dispelled 
somewhat if one thinks of it in more familiar terms as the sum of the 
reactions which an entire protoplasmic system makes with its external 
and internal environment, reactions which are determined by the speci- 
fic physiological activities of the living material of which the organism 
is composed. Here again the organization of the plant body provides 
some useful suggestions as to the mechanism of field action. A plant 
is a much less highly organized individual than an animal, and its bod- 
ily characters may be widely variable, but in most species there is, nev- 
ertheless, a rather definite size and form of the plant body which is 
characteristic of it. Certain of the morphogenetic factors which are 
operative in the control of these bodily traits may be readily deter- 
mined. Thus the total size of the body depends (among other things) 
upon the efficiency of the photosynthetic mechanism by which organic 
substances for growth are elaborated ; upon the rate of intake of mineral 
nutrients; and upon the rate of synthesis of living material. Certain 
size differences are also related to the amount of growth-regulating 
hormones, as has been shown to be the case in the differences between 
normal and dwarf maize. All these are physiological factors which are 
relatively easy to analyze. 

Bodily form is similarly controlled, at least in part, by various phy- 
siological activities and reactions which may readily be analyzed. The 
chief factor in determining the form of the plant body as a whole is 
the number of buds or other growing points which develop, and the rel- 
ative growth made from each. The factors which operate in keeping a 
bud dormant or stimulating it to growth have often been studied, and 
the mechanism in many cases is known to be a simple hormonal one. 
Thus the difference between a tall, unbranched plant and a shorter, 
much branched one has been shown to consist in a difference in auxin 
content and distribution, and one type may be altered to the other by 
experimental means. The dominance of one shoot over others, as in the 
case of the greater growth of a “leader” or terminal shoot in a conifer- 
ous tree as compared with the side branches, and which is responsible 
for many shape differences in plants, also has a hormonal basis. The 
phenomenon of polarity, evident in the distribution of morphogenetic 
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substances and responsible for much of the localization of growth and 
thus of form differences, is less well understood but is susceptible to 
direct investigation. The characteristic responses of a plant to gravity, 
as shown in the angle of branching, in dorsiventral orientations of 
parts, and in other ways, are based on specific reactions of its living ma- 
terial. Responses to light by increase or decrease in growth in length 
and by the orientation of many structures, are also important in deter- 
mining form. The ability of the plant to conduct water and other ma- 
terials, which in turn is related to osmotic concentration, membrane 
permeability, vessel diameter and many other factors, plays an import- 
ant part in bodily form, particularly of trees, since it limits the height 
to which the stem can grow and thus tends to distribute growth differ- 
ently at different plant heights. These, again, are all relatively famil- 
iar physiological reactions and processes which can be subjected to 
direct investigation. 

If we speak of the organized development of the plant body as due 
to the operation of a morphogenetic field, we mean nothing more by 
this term than the sum of the various physiological processes and reac- 
tions involved in growth. To be sure, the characteristic orderly and 
controlled distribution of growth in space, which is of the essence of 
form determination, may well require the operation of a field in the 
electrical sense, and one of the hopeful lines of morphogenetic attack 
is in the direction of an analysis of such fields; but many developmen- 
tal phenomena which are now discussed for convenience in terms of 
fields may be susceptible of analysis in simpler ways. 

Although morphogenetic control over the development of an organ 
cannot be resolved so readily into distinct processes and reactions as 
can that of the entire plant body, there is no reason to doubt that it is 
amenable to the same sort of interpretation. If we knew the specific 
reactions of a developing fruit to gravity, light, pressure, and various 
chemical stimuli; the cataphoretic and polar phenomena evident in its 
growth, and the minute physical structure of its protoplasm, we should 
be able to go far toward an understanding of its morphogenetic con- 
trol. Electrical fields are probably important here, too, and must ulti- 
mately be investigated ; but the first steps in an analysis of the develop- 
mental fields which we postulate may be made along simpler paths. 

An essential feature of a morphogenetic field is that it operates over 
a limited mass of living material. We may speak of the field of a cell, 
or of an organ, or of the body. Field is perhaps only a name for the 
integrative process which pulls living material together into unitary 
masses of varying complexity and at different levels. If the simple and 
rather obvious idea set forth in the preceding paragraphs is sound— 
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that a field is merely the sum of all the protoplasmic activities and 
reactions in a given mass of living material—then the developmental 
independence of a structure at one level from that at another (the 
problem which we posed at the beginning of this paper) receives some 
illumination. The reactive capacities of the protoplasm may be expected 
to manifest themselves very differently in an organized structure which 
is the size of a cell and in one the size of an organ. In the former, for 
example, surface tension will be an important factor but gravity a 
minor one, whereas in the latter the reverse will be true. In the organi- 
zation of the body as a whole, processes and reactions will come into 
play which either were not important in cell or organ or produced very 
different results there. It is therefore to be expected that the 
integrated units at one level, each organized in a field of its own, will 
be independent of those at other levels, even though the protoplasmic 
basis is the same in all of them. 


Differentiation, upon such a view, is to be looked upon as a setting up 
of new fields, each resulting from changes in size or position during 
ontogeny or phylogeny. The beginning of such differentiation may be 
seen in the aerial portions of a typical plant body. This is made up of 
a series of indefinitely repeated units, each consisting of node, inter- 
node, leaf, and bud, a unit termed the phytou and believed by some to 
be the fundamental plant individual. In some plants these are all much 
alike, but in many cases, notably certain monocotyledons and others 
which have determinate bodily growth, successive units are beginning 
to show constant differences from others, presumably because of their 
differences in position. In such cases we may speak of the evolution 
of new fields or even of a new level of organization. 


All this, of course,is highly speculative, but it will perhaps serve to 
call attention to the existence of more or less clearly organized struc- 
tures at different levels, each developing as a unit, with a history and 
organization of its own and each as worthy of investigation as is the 
cell. What is obviously needed is the accumulation of a much greater 
wealth of facts than we now possess as to the normal and experimentally 
controlled development of these various organic units as such. Our 
understanding of the mechanism of organization in any one of these, 
whether it involves the operation of chemical or physical factors, of 
morphogenetic substances or of morphogenetic fields, should throw 
light on organization at all other levels, for the integrative propensity 
of living substances must be essentially similar everywhere. The 
multiple, determinate organs of the higher plants provide exceptionally 
favorable material for such investigations, and it is to be hoped that a 
fuller knowledge of their development will throw much light on the 
general problem of biological organization. 
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The training of a biologist at present includes the provision of 
sufficient knowlege of biological facts and sufficient familiarity with 
laboratory technique for teaching and research in some branch of the 
subject, but it apparently never includes any instruction in the ¢echnzque 
of theorizing. 

The would-be physicist is in a somewhat better position. In addition 
to learning facts and laboratory methods he is also expected to have 
some facility in the use of those branches of mathematics which play so 
large a part in physical theory. 

I do not mean to suggest that biologists are totally unequipped for 
theoretical work. With physicists they share the natural endowment 
we call common-sense. But unlike physicists they have no special 
apparatus for enhancing these natural powers in the way in which, for 
example, microscopes enhance their visual powers. 

Supposing then that there is such a gap in the training of biologists— 
so far as preparation for theoretical tasks is concerned—would this gap 
be filled if they were given the same sort of mathematical training as 
students of physics? 

Before answering this question in the affirmative it is well to remem- 
ber that by far the largest part of existing mathematics, and the part 
which is most thoroughly worked out, has been invented for the benefit 
of physicists, or at least has been developed in connexion with problems 
which their work has raised. Consequently it cannot just be taken for 
granted that these particular branches will meet a// the needs of every 
branch of biology. My view would be that until we go rather deeply 
and in detail into this question no one knows what branches are required 
for a given branch of biology, or even whether all the branches of 
mathematics which will be required exist at the present day. Moreover 
some of the newer branches of mathematics (among which may be some 
which are destined to play an important part in theoretical biology) 
are not taught at all generally in universities but only in those which 
happen to have on their staff some expert who is interested in them. : 

In any case the kind of preparation for theoretical work which I 
have in mind is not in the first instance a training in the use of some 
particular branch of mathematics but a training in and an understand- 
ing of general mathematical method. And the sort of training I have 
in mind is just as much lacking in the training of physicists as in that 
of biologists. But this lack is less seriously felt by physicists because 
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their theoretical methods are well established and their mathematical 
knowledge carries them through, even although they may not know 
anything about the principles on which what they are doing is based. 
In the case of biology there is no such tradition. We have before us a 
clean slate (clean if we omit the historical speculations of last century 
before biology became so generally an experimental science). It is 
upon us that the heavy responsibility rests of establishing such a tradi- 
tion. It is just for this reason that a general approach to these 
problems—that is to say from the standpoint of the general nature of 
mathematical method in natural sicence—seems to me to be so 
important. And for this reason I think it is desirable that we should 
devote a little attention to these general questions of policy and method. 

In saying this I do not wish to cast doubts or disparagements in any 
way on such mathematical work as has already been done, e. g. that of 
Raschewsky or the many important applications of analysis to popula- 
tion problems, or the many uses of the theory of statistics. These all 
represent special applications of well known branches of mathematics 
and no one can predict the boundaries of their usefulness. But I am 
concerned here, as | have just said, with something much more general 
than applications, namely with theoretical method in general. We first 
require answers to such questions as: 


(1) What constitutes a biological theory? 

(2) Why do we want theories? 

(3) Is there any fundamental difference between a theory which 

uses mathematics and one which does not? 

(4) Is it possible to lay down rules for the construction of scientific 

theories? 

My answer to question (1) is simply that a biological theory is a 
particular kind of ordered set of biological statements. By saying a 
‘particular kind’ I mean that not every method of ordering biological 
statements would yield a theory. A set ordered on an alphabetical 
card-index basis would not constitute a theory. My answer to the second 
question is that such ordered sets of statements give us the maximum 
possible control over our biological knowledge at any given stage in the 
development of the science. They enable us to find more easily the 
best directions in which to look for more data, and they enable us more 
easily to make adjustments in our knowledge when new and unexpected 
data appear. 

My answer to the third question is in the negative. The use of a par- 
ticular bit of mathematics only means that we are able to employ a 
scheme of ordering whose ordering properties are well known and well 
worked out and which is therefore able to enhance our natural intuitive 
powers. It is for this reason that the fourth question can be answered 
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in the affirmative. In regard to certain aspects of the problem at least, 
it is now possible to lay down rules for our guidance in the construction 
of scientific theories if we make use of the work that has been done on 
these problems during the last fifty years. 


In order to expand this a little let me say something more about the 
nature of scientific theories in general. 

It is important to distinguish sharply the two aspects of structure and 
meaning of theories. From the structural aspect a theory (and I am 
considering, and can only consider, theories as written down, not as 
they may exist in the minds of individual biologists) consists of ink 
marks (signs) of variously easily recognizable shapes and sizes arranged 
in a particular order on sheets of paper. But a theory only interests us if 
its signs (or some of them) denote biological objects and if, as will then 
be the case, certain combinations of them (i. e. statements) assert some- 
thing about organisms. As soon, however, as we talk about denoting or 
asserting (and when we ask whether an assertion is true or false) we 
clearly leave the purely structural aspect of a theory and raise questions 
which cannot be answered at all on the basis of purely structural 
considerations because they involve reference to the subject-matter of 
the theory. In other words we must then leave the study and go into 
the laboratory or the field. Now it is the structural aspect of the tech- 
nique of theorizing which has been most intensively studied during the 
last 50 years and in regard to which it is possible to lay down rules. 
It is also this aspect which is at present most neglected by biologists 
because it is neglected in their training. 

One reason why the structural aspect is important is because the or- 
dering relation between statements in a theory can be characterized in 
exclusively structural terms—it does not involve reference to subject- 
matter. This is therefore the place in which to say something more 
about this relation. It is the relation we have in mind when we say that 
a given statement follows from or is a consequence of one or more other 
statements. Thus a theory is a set of statements ordered by their conse- 
quence relations. When a biologist conceives a working hypothesis 
what he does is to think of some statement which, in conjunction with a 
particular set of experimental conditions will have a certain statement 
as a consequence. If, when the experiment is performed the result is in 
agreement with this expectation the hypothesis is so far confirmed, if 
it is not the hypothesis is rejected because the result is a consequence of 
its wegation. 

Theoretical work in its usual sense may be said to begin when we 
have collected a number of well confirmed working hypotheses. We 
then seek for still more general statements which will have these col- 
lections of hypotheses as ¢heir consequences. This may lead later to 
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yet another step in the direction of finding still more general state- 
ments. A theory might have a form somewhat as follows: 














Here each “S” with subscripts represents a statement of the theory, but 
the arrows do not directly represent the consequence relation. The fact 
that an arrow runs from, say, So2 to S,,; represents the fact that Soe is 
necessary for the derivation of S,;._ S,; is a consequesce of the set of a// 
the statements S such that an arrow runs from S to Sy, i. e. of the set 
consisting of Sp, and So2. When an arrow runs from one S to another 
we can say that the statement denoted by the former S stands at a higher 
theoretical level (in the theory in question) than that denoted by the 
latter S. The highest level will thus be formed by those statements 
which are not consequences of any set of the others. They are called 
the postulates of the theory. The lowest level will consist of those which 
have no consequences in the theory. These are the working hypotheses 
whose consequences are not general statements but particular statements 
some of which have been tested in the laboratory. 


Before I can say more about the consequence relation—and I should 
like to explain how it is that this relation can be characterized in purely 
structural terms—lI must say a little more about the structural aspect 
of scientific theories. 


I have said that from the structural point of view a theory consists 
of strings or combinations of signs (called expressions) of the theory. 
It is possible to lay down purely structural rules which determine when 
an expression is to be regarded as significant or meaningful; and it is 
possible (also on purely structural grounds) to divide such expressions 
into designatory expressions and statements, provided certain conditions 
are fulfilled which I shall mention later. But before we deal with ex- 
pressions the question presents’ itself: Is it possible to say anything 
useful about the sorts of signs which are required in any scientific 
theory? This question can be answered affirmatively because some 
signs are common to all scientific theories, and even those which are not 
common can be classified on a general basis which is important and 
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gives us some guidance. I will say something about this latter class 
first. 

In the first place we can divide such signs (i. e. the signs by which 
one science differs from another and which can be called subject-matter 
signs ) into three major groups which we can call : 

(1) individual-names, 

(2) class-names, 

(3) relation-names 
By way of examples, we can cite ‘Paris’ and ‘Neptune’ as individual 
names occurring in geography and astronomy respectively. It would 
be difficult to find corresponding examples from biology because we do 
not usually employ names for biological individuals except in the case 
of pets and human beings, although the numbering of the animals used 
in an experiment would provide an example since such number-signs 
are functioning as individual names. In any case they are not of much 
theoretical importance because theoretical statements are general state- 
ments, not statements about particular individuals. As examples of 
class-names we may mention ‘cell’, ‘gene’, ‘clavicle’, ‘fungus’ etc., and 
as examples of (two-termed ) relation-names: ‘taller than’, ‘homologous 
with’, ‘dominant to’ etc. In English, statements cannot be constructed 
with signs belonging to these three groups alone. Certain other signs 
are required. Supposing ‘a’ and ‘b’ are individual names we have to 
write ‘a is a cell’, ‘a is taller than b’, ‘a is homologous with b’ and so on. 
But these accessory words are not essential from the scientific point of 
view. If.we wish to be able to lay down purely structural criteria to 
determine when a combination of signs is a statement it is better to 
eliminate such needless additional signs. One method is to write the 
individual name in brackets after the class- or relation-sign thus: 
‘cell(a)’, ‘gene(a)’, ‘Taller(a, b)’, ‘Homologous(a, b)’ etc. Another 
frequently adopted method is to use the sign ‘e’ for membership of a 
class thus: ‘(a )ecell’ for ‘a is a cell’ and ‘(a)Taller(b)’ for ‘a is taller 
than b’. 

Two points have so far emerged which are characteristic of mathema- 
tical method. First the elimination of structurally unnecessary signs; 
second, the classification of our subject-matter signs into individual-, 
class-, and relation-signs. The advantage of the latter procedure is 
that it prepares the way for the use of the theories of classes and 
relations in general which have been worked out by mathematicians. 
The former theory we owe largely to Boole (1815-1864) and Cantor 
(1845-1918), the latter to C. S. Peirce (1839-1914) and E. Schréder 
(1841-1902). 

So far we have only given examples of the simplest kinds of state- 
ment. More complicated ones are formed from these by the use of the 
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signs ‘not’, ‘and’, ‘or’, ‘if ... then ---’ and ‘if, and only if’ which are 
signs common to all theories. These are called sentential operation- 
signs because they operate on statements to yield new statements. With 
the help of ‘not’ we form the zegatzon of any statement. Here again the 
rules of a natural language like English introduce complications which 
are pointless from the scientific point of view. It would be much simp- 
ler if ‘not’ always occupied the same position in relation to the state- 
ments it operates on. We might, for example, adopt the practice of al- 
ways writing it immediately in front thus: ‘not ((a) ¢€ cell)’ and ‘not 
((a) Homologous (b))’. By joining any two statements by ‘and’ we 
form their conjunction, by joining them by ‘or’ we obtain their dzsjunc- 
tion; the result of writing ‘if... then ---’ is called an zmflication, and 
finally ‘...if, and only if, ---’ is called an eguzvalence. (It is a com- 
mon practice to write ‘A—B’ instead of ‘if A then B’ and ‘Ae B’ in- 
instead of ‘A if, and only if, B’). 

The use of these five signs has been systematized in the form of a 
calculus or postulate-system called the calculus of statements, which is 
used, as we shall see, in the derivation of consequences from sets of 
statements. In one of its forms at least it is an exemplification of the 
first non-numerical algebra. This was invented by Boole just before 
the middle of last century. To Boole belongs the honour of having 
first liberated mathematics from its exclusive concern with numbers 
and geometrical entities. . 

There remains another kind of statement which has not yet been 
mentioned, namely gexeral statements. These are statements which 
assert something about a// or some of the things which belong to some 
class or stand in some relation to something. This necessitates the in- 
troduction of a new kind of sign which again is highly characteristic 
of mathematical method. All the signs which have so far been men- 
tioned are signs with a fixed meaning and are therefore called con- 
stants. In constructing general statements we use signs called variables 
which have no meaning at all but which play the part of representatives 
of constant signs. It will be best to take first an example from arith- 
metic because there the use of such signs is familiar. Consider, for 
example, the statement: . 

If (x>y) then (not (y>x)) 

or (x>y) > (not (y>x)) 

In order to understand this statement it is not sufficient to know the 
meaning of the greater-than sign and the use of ‘if... then ---’ and 
‘not’, because ‘x’ and ‘y’ are not individual-names or class-names or re- 
lation-names. Two further bits of information are necessary. It is 
necessary to know that real-number-signs can be substituted for ‘x’ and 
‘y’ and further that what is asserted will hold good for a// such number 
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signs. What is asserted, then, is that if we take avy pair of real-num- 
bers such that one is greater than the other, then it is not the case that the 
latter is greater than the former. But sometimes we wish to formulate 
statements which are only true for some real numbers. In order expli- 
citly to distinguish these two cases we must make use of two new signs 
called quantity-operators or quantifiers. We can, for example, write 
‘(All x)’ in front of a statement containing the variable ‘x’ when we 
wish to state something which is to hold good for every substitution for 
‘x’; and ‘(Some x)’ when it is to hold good only for some substitutions. 

It is easy to see that there is no need to restrict the use of variables 
to statements containing number-signs. We can, on the contrary, use 
variables belonging to the following three categories (corresponding 
to the three primary groups of subject-matter signs): (It is customary 
also to use letters of the kinds indicated for these categories ) 

1) individual-variables (‘x’, ‘y’, ‘z’, etc.) 

2) class-variables (‘a’, ‘fh’, ‘8’, ‘0’, etc.) 

3) relation-variables (*P’, ‘QO’, ‘R’, etc.) 
{In actual practice it will usually be necessary to have more than one 
kind of class-variable in order to distinguish classes of individuals 
from classes of classes. Corresponding remarks apply to relation- 
variables ). 
As a biological example of a statement containing individual-variables 
and quantifiers we can write (supposing ‘gene’ and ‘cell’ to denote 
classes of individuals) : 

(All x) (If (xegene) then (not (xecell))) 
it should be added that it is often convenient to omit the quantity opera- 
tor when ‘all’ is intended. Variables not preceded by an operator are 
then called ‘free variables’. Otherwise they are called ‘bound’. For 
example, in 
(Some x) (x Taller y) 

‘x’ is bound and ‘y’ is free. 

Only one more sign is now needed to complete our equipment of signs 
which are common to all theories, namely the sign of identity, usually 
written ‘—’. The principal theorem concerning identity (between in- 
dividuals) is that of Leibniz which we can formulate as_ follows: 

(x = y) if, and only if, (All a) (If (xea) then (yea) ) 

Provided that we have decided what biological class-signs and rela- 
tion-signs we require for a given biological theory all the statements of 
the theory can be formulated in a concise and uniform manner with the 
help of the signs that have now been enumerated and moreover in a 
manner which will enable us to apply the mathematical calculuses to 
them. The search for the appropriate class- and regulation-signs is thus 
one important preliminary of theoretical work. 
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I wish now to explain and justify my previous assertion that the 
ordering relation in all scientific theories is one which can be charac- 
terized in purely structural terms, is common to all scientific theories 
and is such that purely structural criteria can be given for deciding 
whether or not it holds between given sets of statements. For purposes 
of illustration we must choose some example which will not require too 
much preliminary explanation. 

In embryological and genetical theories we usually require such 
class-names as ‘whole-organism’, ‘organized cellular-part’, ‘cell’ and 
‘organized cell-part’. These all denote classes of time-extended things 
which have a beginning and an end in time. Now in ordinary dis- 
course when the phrase ‘a cell’ is used it is not always perfectly clear 
which of three quite different things is meant: (1) some particular cell 
throughout its entire temporal extent from beginning to end; (2) some 
temporal part of some particular cell short of its entire temporal extent ; 
(3) a purely spatial cell, i. e. some particular momentary state of the 
entire temporal extent of a cell. I believe that quite a lot of confusion 
has been occasioned by the lack of a suitable terminology for preserving 
these distinctions. I propose to confine the use of ‘cell’ to the first case. 
Thus ‘x ¢ cell’ will mean that x is an entire cell throughout its whole 
temporal extent. In the second case I propose to speak of time-stretches, 
and in the third case of time-slices, of cells. Given the notion of ‘time- 
stretch’ of a cell we can then proceed to investigate possible relations 
between stretches of the same cell. We could begin with the relation 
in which a stretch x stands to another y when the last time-slice (or 
end) of x is identical with the first (or beginning) of y. Let us call 
this the relation of ‘adjoining’ and for the sake of brevity let us write 
‘xAy’ for ‘x adjoins y’. Then we can formulate the statement: 

If (xAy) then (not (yAx)) 
(1) or (xAy) — (not (yAx)) 
To illustrate the process of deriving consequences we can try to derive 
the following statement: 
not (xAx) 
by purely structural means. 

In order to do this we must invoke a formula belonging to the calcu- 
lus of statements. These formulae consist of the sentential operation- 
signs combined with a kind of variable which has not been mentioned, 
namely variables which can have statements substituted for them and 
are called sentential-variables. The formula we need in the present 
case is the following, (using ‘p’ as a sentential-variable) : 

(2) ((p) — not (p)) — not (p) 

Second we require two structural rules wich permit us to transform 

one statement into another. It is these rules which determine the con- 
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sequence relation. For our present purpose it will suffice to formulate 
these rules as follows: 

Rule I. If A isa statement containing the free variable v, and if B 
is the statement obtained from A by substituting any statement for v if 
v is a sentential variable, or any individual-sign if v is an individual- 
variable, then B is a consequence of A. 

Rule II. If A is a statement and A — B is a statement then B is a 
consequence of these two statements. 

We can now proceed as follows: First we substitute ‘x’ for ‘y’ in (1) 
in accordance with Rule I and obtain: 

(3) (xAx) — (not (xAx)) 

We next substitute ‘x Ax’ for ‘p’ in the formula (2), again in accordance 
with Rule I and get: 

(4) ((xAx) > not (xAx)) — not (xAx) 

And then with the help of Rule II from (3) and (4) we at once obtain: 
(5) not (xAx) 

which is the statement required and is thus shown to be derivable from 
(1) and (2) by a chain of consequence-steps. 

This example, simple though it is, serves to illustrate a number of 
important points. First it illustrates the complete objectivity of the 
consequence-relation. Whether a statement is a consequence of one or 
more others is not a matter of opinion but of calculation. It involves 
no knowledge of the subject-matter but only of the structural properties 
of the theory concerned. Second, the example illustrates the desirabil- 
ity, if we wish to calculate, of adopting the simplifying and abbreviat- 
ing devices which were first explained. If we had adhered to the struc- 
ture of the English language it might still have been possible to formu- 
late the necessary objective rules which determine the consequence- 
relation but it would have been very much more difficult. Corresponding 
remarks apply to the formulation of rules for statement-construction. 

Third, the example illustrates the fact that the derivation of conse- 
quences, if carried out explicitly, requires the use of one or more 
formulae belonging to the calculus of statements. Substitution of a 
statement for ‘p’ in (2) is only a particular instance of substitution in 
a mathematical formula in order to derive consequences. Ordinarily 
we derive consequences quite intuitively without even being aware of 
the formulae which underly them. But when disputes arise, or when 
problems become too complicated for our unaided intuitive powers, then 
it is necessary to seek the aid of a well established formula. 

Yet a fourth lesson to be learnt from the example is that the property 
established for the relation of adjoining between stretches is one which 
is common to an enormous number of relations and one which can be 
characterized in completely general terms. If we use a relation-variable 
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‘P’ instead of our constant sign ‘A’ the statement (1) becomes 

(i) (xPy) — (not (yPx)) 

and, we can show that whatever relation P may represent if (i) is true 
of it then 

(ii) not (xPx) 

is true also. We may therefore express this by writing 

(iii) ((xPy) — (not (yPx))) — (not (xPx)) 

which is a formula belonging, not to any particular natural science 
(since it contains no subject-matter constant) but to the general theory 
of relations. Relations which satisfy formula (i) are called asym- 
metrical, and those which satisfy the second formula (ii) are called 
irreflexive relations. Hence the formula (iii) asserts that every 
asymmetrical relation is irreflexive. We could therefore have obtained 
the desired result in the foregoing example more simply by reference 
to this formula belonging to the theory of relations. Here we have an 
illustration of the advantage of explicitly employing signs which show 
when we are dealing with relations, because it is then easy to formulate 
our biological statements in such a way that we can appeal to the general 
theory of relations in deriving their consequences. 

These considerations also illustrate an important feature of the 
relation between natural science and mathematics. We obtain mathe- 
matical statements from those of natural science by replacing the 
constants of the latter by variables, and stating them in a hypothetical 
form. We obtain natural scientific statements from those of mathema- 
tics by substituting, for variables in the latter constants belonging to 
the branch of natural science in question. 


So far I have represented the process of theory-construction as 
though it proceeded from statements of lower to statements of higher 
theoretical level, in the sense of ‘lower’ and ‘higher’ previously 
explained. But we can also proceed in the reverse direction. We can 
begin with very general statements (which are adopted provisionally as 
postulates) and work out their consequences. In other words: we can 
take a number of current biological beliefs and see what they commit 
us to, discover whether they are mutually consistent and perhaps obtain 
suggestions for new lines of experimental inquiry, because such an 
investigation is likely to reveal gaps in our experimental data. That 
is to say: we are likely to find that we cannot proceed beyond a certain 
point with our theoretical construction in one direction rather than in 
another because without new experiments we have no means of deciding 
between alternative postulates. This method has so far not been sys- 
tematically used in biology, although the work of Raschewsky might 
perhaps be cited as an example of theoretical work of this nature. 


Up to this point I have spoken only about the ordering relation 
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between the statements of a theory. But the szgus of a theory are also 
susceptible of an analogous process of ordering, the corresponding 
ordering relation being in this case that of defenability. If we examine 
a number of signs belonging to a theory we generally find that some 
of them are superfluous in the sense that if s is such a sign and 4 is any 
statement in which it occurs, we can replace s by an expression not con- 
taining s and obtain a new statement 2 which is equivalent to 4 and 
so can be substituted for 4 wherever 4 occurs and vice versa. In such 
a case s will be definable with the help of the signs in the expréssion 
which was used to replace it, and the pair of equivalent statements will 
constitute a definition of s. 


By way of a very simple example we can consider another relation 
between two time-stretches of the same time-extended thing, namely 
the relation between two such stretches when one precedes the other in 
time and there is a gap between them. Supposing we call this the 
relation of separation, using the abbreviation ‘Sep’, the following 
equivalence could be used as a definition of this new sign with the help 
of ‘adjoining’: 

(x Sep y) = (Some z) ((x Az) and (zAy)) 
From the point of view of the derivation of consequences definitions 
play the part of postulates (they might be called ‘verbal postulates’ in 
contrast to ‘real postulates’). From another point of view they are 
merely abbreviating devices—the process of definition ‘being the 
assignment of names to more complex objects than those with which the 
theory begins. From yet another point of view a definition embodies 
the results of the analysis of some concept which is perhaps in current 
use but whose meaning is only intuitively grasped. The definition 
states the necessary and sufficient conditions which an object must 
satisfy if it is to fall under the concept in question. Such analysis is a 
very important and often difficult part of theoretical work. 


In constructing a theory, then, we must first choose a set of signs 
which have clear meanings and which will admit the definition of as 
many other signs as possible. Corresponding to primitive statements or 
postulates there will thus be the primitive or undefined signs, and 
corresponding to derivable statements or theorems there will be 
definable signs. 

By way of summary let me now briefly repeat the main characteris- 
tics of mathematical method, or the technique of theorizing, from the 
very general standpoint which I have adopted. 


1. The primary characteristic is the explicit and systematic exploita- 
tion of the consequence-relation in the construction of theories. 


2. Since this is a purely structural relation it is necessary to adopt 
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linguistic devices which will make plain the structural aspect of theories 
and this leads to: 
(a) the elimination of superfluous signs in the interests of 
syntactical simplicity ; 
(b) the use of abbreviating signs of distinct kinds corresponding 
to the main structural categories ; 
(c) the use of variables. 

3. Regarded from the most general standpoint mathematical state- 
ments are statements about classes in general or about relations in 
general. Hence they are applicable to the particular classes and the 
particular relations which we encounter in natural science. 

4. Mathematical statements are thus distinguished from those of 
natural science by the absence of subject-matter signs. Their use is to 
enable us to derive consequences from sets of statements belonging to 
natural science. This is done by successive structural transformations 
performed upon these statements in accordance with certain rules, of 
which one governs the process of substituting subject-matter signs for 

variables in the mathematical formulae. 

I should like in conclusion to revert to the topic with which I began 
and to make some suggestions toward the sort of training for theoretical 
work which might profitably be given to the coming generation of 
hiologists, or at least to those of them whose interests lie in the direetion 
of theoretical biology. 

Let them first be instructed in the general linguistic principles which 
I have briefly sketched in this paper so that they will widen their 
notions about language and learn from the start to render unto struc- 
ture the things which belong to structure. After that let them learn 
the fundamentals of the theory of classes and of relations which form 
the most general foundation for any future mathematical work. I 
firmly believe that even if the training went no further than this good 
results would soon begin to show themselves in theoretical writing in 
biology. But of course with students possessing a mathematical bent 
it would be desirable to go beyond this and to arm our future 
theoreticians with some of the more special mathematical techniques. 
Here the difficulty would be to choose from the profusion of possibilities 
offered. But I think the general aim should be not to make students 
expert in branches of mathematics which they may never have occasion 
to use, but to give them a general understanding of the capabilities of 
all the special techniques which are available. The course would 
necessarily include something of algebra and group-theory, the theory 
of functions, analytical geometry and differential equations, illustrated 
at each step by examples of classical applications in physics and en- 
gineering, but always keeping the general approach in the foreground 
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and so treating such examples only as particular models illustrative of 
a purely structural scheme containing the potentiality of applications 
in a totally different sphere. 

It is also very desirable to my mind that we should encourage ‘ad- 
vanced students not only to study the traditional branches of 
mathematics but also to browse among the newer branches which have 
so far had no applications in natural science but which may prove 
helpful to biology. 

It is, I think, equally desirable to encourage the pursuit of the 
reverse procedure which I mentioned earlier in this paper, i. e. the pro- 
cedure not of applying mathematics but of constructing biological 
theories in a way which puts their structural aspect in evidence and so 
leads to the generation of new mathematical theories by the process of 
replacing constants by variables and giving the statements a hypotheti- 
cal form. All mathematical theories have originated in this way, but 
so far biology has contributed but little. 

In conclusion let me say a word about the necessity for co-operative 
effort for the future development of theoretical biology. First, from 
the teaching point of view, no one man could effectively give a course 
of instruction of the kind I have outlined above; or at least, men who 
could are excessively rare. It would require the co-operation of a num- 
ber of teachers who not only had the requisite knowledge but were also 
willing to put themselves in the sort of attitude that the carrying 
through of such a project would require. I mean that an ordinary 
course designed for students of pure mathematics or one for students 
of engineering would not exactly meet the case. 

Second, from the research point of view also, with such a vast field to 
deal with as we now have both from the biological and the mathema- 
tical point of view, specialization and division of labour are inevitable 
and this too demands some sort of co-ordination of personal choice of 
tasks within a co-operative programme. Success in experimental and in 
theoretical work demands different natural gifts and different training. 
The requisite qualifications are rarely to be found highly developed in 
a single individual. But for the future welfare of biology it is essential 
that both the experimental and the theoretical aspects should be culti- 
vated together in the closest co-operation. 


























NOTES ON THE FIRST SYMPOSIUM ON 
DEVELOPMENT AND GROWTH 


By 
J. H. WOODGER 
(Middlesex Hospital, London) 


To my mind the most striking and recurring feature of the 
discussions at the conference was the necessity they revealed for new 
hypotheses (especially hypotheses concerning cell-parts and _ their 
mutual relations) which will be explanatory of the behaviour of cells 
and of cell-aggregates in development; that is to say, the necessity for 
setting up postulates regarding cell-parts which will have the current 
generalizations about plant and animal development as their logical 
consequences. If such a set of postulates could be constructed it would 
bring about the biggest biological synthesis of the twentieth century. 
In the following pages I shall offer some suggestions which I hope may 
prove to be helpful in taking the first steps towards the accomplishment 
of this extremely difficult task. 

The first requirement, in my opinion, is to construct a suitable set of 
biological concepts which will enable us to formulate our generaliza- 
tions in a manner which will facilitate finding the desired explanatory 
hypotheses. 

Supposing such a set of concepts to be agreed upon, the second step 
would be accomplished if specialists in the several branches of our 
subject would use these concepts in order to formulate, as concisely and 
clearly as possible, all the generalizations which have been obtained 
from the experiments in their special fields and which, in their opinion, 
are well founded. If this were done and the resulting material in its 
new condensed form were circulated among those interested the ground 
would be cleared for the next step, when the real business of theory 
construction would begin. 

This third step would consist in making the first tentative attempts 
to construct the requisite explanatory hypothetical concepts, using them 
to formulate postulates and working out the consequences of the latter 
in order to see whether the generalizations to be explained are among 
them . Such hypothetical concepts would suggest themselves in the 
course of reflection upon the condensed data provided in the second step 
and, owing to the vastness of the field to be surveyed, the success of this 
third step would partly depend upon the degree of condensation 
achieved, and this again would depend upon the initial choice of 
descriptive concepts decided upon in the first step. We must make use 
of every available device which will enable us to survey as much of this 
vast field as possible and to see clearly the logical relations between 
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the statements in which the available generalizations are expressed. 

In what follows I shall confine myself exclusively to the first of the 
above three steps by explaining a list of biological concepts constructed 
in accordance with the principles* explained in my contribution to the 
symposium. 

I begin with the notions of ¢zme-slice and time-stretch of a time-ex- 
tended thing. By the former I mean a momentary or purely spatial 
part of such a thing which is not part of another momentary part of the 
same thing, and by the latter I mean the sumf of the class of all the 
time-slices between and including any two time-slices of a given time- 
extended thing. (For example: the intersection of a human being with 
the stroke of mid-night on his twenty-first birthday would be a time- 
slice of him, and so would the intersection of him with the stroke of 
mid-night on his twenty-second birthday, and the continuum of time- 
slices between and including these two would be a time-stretch of him). 
When we want an abbreviated way of writing “the thing a is a 
time-slice of the thing 4’’, we can write “(@)S1(6)”, and for an abbre- 
viated way of writing “ the thing a is a time-stretch of the thing 6” we 
can use ‘‘(a@)Str(&)”. In biology the things which have time-slices and 
time-stretches can be divided into the following six principal classes: 

(a) whole-organisms 

(b) cellular-parts 

(c) cells 

(d) cell-parts 

(e) secretions 

(f) accretions 
It must be understood that every member of each of these classes is 
supposed to have a beginning (i. e. a first slice) in time and an end (i. e. 
a last slice) in time. We can denote the beginning of a thing x by 
“B(a)” and the end by “E(2)”. Moreover each member of each of the 
above classes is a time-stretch of itself, namely the stretch determined, 
for a given member x, by B(x) and E(x). A thing is called a cellular- 
part if it is not a cell and has cells among its parts. It is sometimes 
necessary to recognize different ovders among cellular-parts (e. g. in 
vertebrates: (using “P” for “is part of”) we have L-Retina(x) P- 
Brain(z) and Brain(2)PNeural tube(2) and Neural tube(x) P 
Ectoderm(z), if we read “L-Retina(z)” to mean: the left retina 
throughout its time-extent of the thing x, and so on for the other part- 
names). Corresponding remarks apply to parts of cells (cell-parts). 


*These are more fully explained and illustrated in my 7echnique of Theory Construction, 
Vol. Il, No. 5 of the International Encyclopedia of Unified Science; Chicago Univ. Press, 


1939. 
+The exact sense in which ‘‘sum’’ is used here is given in op. cit. p. 33. 
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By a secretion will be meant (here) any time extended thing which 
begins in a cell and ends outside it. By an accretion will be meant any 
time-extended thing which begins outside a cell and ends inside one. 

Now consider any stretch of a whole organism of which # and v are 
the first and last time-slices respectively, then what we can call “the 
problem of development” (as I see it) is the problem of finding a 
function or correspondence or transformation (in the sense explained 
below) which will enable us, given certain information about # and the 
time-length of the whole stretch, to predict certain corresponding infor- 
mation about v. This function will obviously be very complicated if it 
is to be at all adequate to the tasks which will be imposed upon it. But 
we can split it up into components about some of which we can already 
say something, and any attempt to formulate the other ones will at least 
help to make the problem more concrete and so to stimulate and direct 
further inquiry, however inadequate it may ultimately prove to be. If 
we are too much afraid of making mistakes in these early stages we 
shall never make a beginning at all. 

I must first say something about the important notion of “function” 
in the wide sense in which it will be used here. Any relation 2 will be 
called a function if it satisfies the following condition: 

if any thing x stands in 2 toa thing y, anda 

thing z stands in & to the same thing y, 

then x and z are one and the same thing, 

or more compactly : 
If (xRy & zRy) then (xax=—y) (For any z, y, & z) 

For example the relation of fatherhood has this property because for 
any given thing which is a child there is one and only one thing which 
is its father. Such relations are also called one-many correspondences. 
If a relation is one-many in Jo¢/ directions (i. e. from right to left as 
well as from left to right) it is called a one-one correspondence. 

Suppose we let ““B’’ denote the relation of a time-slice x to a time- 
stretch y of some whole organism or cell when ~ is before all the other 
time-slices of y in time, i. e. when it is the beginning slice. Then it is 
evident that B is a one-many correspondence because 

If (xaBy & zBy) then (4 = 2) 
but it will not be one-one because a given x may be the beginner of many 
stretches ; it would only be one-one if we limit y to maximum stretches, 
i. e. stretches which are not themselves proper parts of stretches. 

Whenever we are dealing. with a one-many relation 2, we can use 
“R(yv)” as a designatory expression to denote the unique individual 
which stands in the relation R to y. For example: “B(y) = x” will 
mean that a is the beginning slice of y._ In exactly the same way we can 
use ‘“E(y)”’ to denote the last or end-slice of a stretch y. 
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The following designatory expressions of this kind will also be re- 
quired sooner or later 
Thy) =& 


will mean that the é¢me-/ength of the stretch y is equal to € in the unit #; 
£ being a variable representing some real number, and w being a vari- 
able which can have such words as “seconds”, ‘minutes’, etc., 
substituted for it. 










Voly(y) =& 
will mean that the volume of the time-slice y in the unit w is equal to &. 
Here the values of ‘w’’ will of course be such words as “cubic 
millimeter’, ‘‘cubic centimeter” etc. 
Vol rat (y) =€ 
will mean that the ratio of the volume of the last slice of the stretch y in 
a given unit to the volume of the first slice of y in the same unit is equal 
to €. This expression is therefore defined by the following equation: 
Vol,(E(y) ) 
Vol, (Bly) ) 
Another important one-many relation is the relation in which a cell x 
stands to a cell y when the latter has arisen immediately through the 
process of cell-division from x. If we denote this relation by “D” then 
‘“‘aDy’’ will be a short way of stating what has just been said. Also 
“¢D/Dy” or “xD*y” will mean that there is a cell z such that Dz and 
zDy, in other words that x precedes y by two division-steps. We can 
generalize this and let “xD"y” mean that x precedes y by ~ divi- 
sions, where ‘‘z” represents any natural number. If we wish to say that 
x precedes y by an unspecified finite number (at least one) of division- 
steps we write ‘“xD,,y’’. It is also sometimes convenient to have a means 
of stating that either 2 and y are one and the same cell or that x pre- 
cedes y by an unspecified finite number of division-steps. This is done 
by writing “‘aD.y’, which therefore means: 
((a==y) or (4D) ) 

I must now explain what I mean by a cell-slice configuration. Con- 
sider any time-slice a of a whole organism. It will be analysable into 
(among other things) a finite number x (z > 1) of cell-slices, and 
these will be arranged in a definite spatial arrangement. Now con- 
sider another time-slice 4. We shall say that a and 6 are zsomorphic 
with respect to the spatial relations (arrangements ) of their constituent 
cell-slices if, and only if, the number of cell-slices in a is identical with 
the number of cell-slices in 6, and if the spatial arrangement of these 
slices in a is identical with the arrangement of those in 6. Now consider 
the class consisting of some one time-slice a of a whole organism 
and all the time-slices (of any whole organism) which are isomorphic 
with it with respect to the spatial arrangements of their constituent cell- 














Vol rat(y) = 
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slices. Such a class will be called a ced/-slice configuration. Hence the 
phrase “‘cell-slice configuration” denotes the class of all such classes. 

Now we come to the meaning of the word “‘identity”’ as it is used in 
biological science, which is different from the sense in which we have 
hitherto been using it. What do we mean by “identical twins” or “iden- 
tical genes’? We clearly do not mean, when we say that the twin a is 
identical with the twin 6, that a and 6 are identical in the logico-mathe- 
matical sense, i. e. we do not mean that a6. We mean that with re- 
spect to a certain (but rarely explicitly mentioned) class—let us call 
it A—of properties a and 6 are identical in the logico-mathematical 
sense; i. e. that if a is azy member of the class A, then if @ has the prop- 
erty a so does 6, and if 6 has it so does a. Corresponding remarks will 
hold also for identical genes. In all such cases there is always presup- 
posed some restricted class of properties with respect to which identity 
is asserted. Were there no such restriction we should have strict or 
logico-mathematical identity. We can call this class the class of bio- 
logical properties. 

Let us say that two cells are identical with respect to their genes if, 
and only if, whenever we compare two time-corresponding slices of them 
(i. e. end-slices of two stretches of equal time-length and whose first 
slices are the first slices of the cells in question) we find that ‘to 
every gene of the one there corresponds one and only one gene of the 
other (and vice-versa) and that any two paired genes in such a corres- 
pondence are identical with respect to their biological properties (in- 
cluding of course relational properties ). 

Now consider the class consisting of some one cell a and a// the cells 
which are identical with a with respect to their genes. Such a class will 
be called a G-type. Thus the expression “‘G-type” will denote the class 
of all such classes and 

“G-type (4)=a” 
will mean that a@ is the particular G-type to which the cell x belongs. 

Now we do the same thing for the parts of cells other than genes, 
which we can call won-genic cell-parts. We must make the hypothesis 
that it is possible to analyse any cell into a set of hypothetical parts 
(hypothetical in the sense in which genes are hypothetical) such that 
statements about the cell concerned are translatable into statements 
about these hypothetical cell-parts, including statements about their 
mutual relations. We shall say that two cells are identical with respect 
to their non-genic parts if, and only if, when we compare any two time- 
corresponding slices of these cells the time-slices of their non-genic 
parts can be put into one-one correspondence in such a way that the two 
members of any pair in such a correspondence are identical with respect 
to their biological properties. Then, taking any cell a, the class consisting 
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of a together with a// the cells which are identical with a with respect to 
their non-genic parts will be called an H-type, and the expression “H- 
type’ will therefore denote the class of all such classes. It is evident 
that a given cell can belong to one and only one G-type and to one and 
only one H-type. Also, that the H-type of any cell will depend (among 
other things) upon its G-type. The equation 
_“H-type (2) =8” 

states that B is the particular H-type to which the cell x belongs. 

It should be noted that ““H-type” is zo¢ an abbreviation for “‘histolog- 
ical type’ because, although when two cells are histologically distin- 
guishable they will always be of different H-types, the converse will 
not always be true. Two cells might belong to different H-types with- 
out any difference between them being discernible by histological 
methods. This has been clearly shown by experience with tissue cultures. 








We shall require the following words denoting classes of cells: 


(a) 
(b) 
(c) 


(d) 


(e) 
(f) 
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‘link cell’ denotes the ciass 
themselves divide; and 
arise by division but n: 
do. 
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6 if every member of @ is also a member of fh; and we can define the fol- 
lowing special kinds of homogeneity of cell families which are import- 
ant for embryology: 

(1) A cell family a is homogeneous with respect to time-length if, 
and only if, when x and y are any members of a there is some unit # 
such that Tl, (+)=T1,(y). 

(2) A cell-family @ is homogeneous with respect to volume-ratio if, 
and only if, when x and y are any members of a then Vol rat(z)—Vol 
rat(y). 

(3) A cell-family a is G-homogeneous if, and only if, when x and y 
are any members of a then G-type (2)==G-type(y). 

(4) A cell family a is H- espe tale if, and only if, when x and v 
are any members of a then H-type (x)—=H-type(y). 

It seems evident that if a cell family is H-homogeneous it will also 
be homogeneous with respect to time-length and volume ratio, and that 
a great part is played in developmental processes by the generation of 
homogeneous cell families which are homogeneous with respect to dif- 
ferent H-types. 

The following mode of classifying non-genic cell parts may also be 
useful. Suppose a is a cell-family which contains a zygote and is not 
contained in any other cell family. It will therefore consist of the 
zygote and a// its cell-descendants. We can say that a non-genic cell 
part x is zztzal with respect to a if every slice of the zygote has a part 
which is a slice of x, but no terminal cell in @ has a part which is a part 
of x. A non-genic cell part x is »zedzan with respect to a if at least one 
link cell of a has a part which is a part of x but no part of the zygote of 
a and no part of any terminal cell of a isa part of x. A non-genic part 
is terminal with respect to a if every slice of at least one gamete or ter- 
minal cell has a part which is part of x, but no part of x is a part of the 
zygote of a. 

If such a cell family were identical with the class of all the cells of 
a whole organism then the initial non-genic parts would be those which 
enter by the gametes and are distributed among the early link cells and 
serve, under the action of genes, and in some cases in consequence of 
difference of route (see below), to establish cell families of link cells 
containing different median non-genic parts and hence belonging to 
different H-types. The terminal non-genic parts would be those re- 
sponsible for the usual histological types of cells in the adult stretches, 
including non- genic parts in primary oocytes which will become initial 
non-genic parts in zygotes of the next generation. 

The following six relations between stretches will be useful. Instead 
of inventing names for these relations I use signs consisting of the let- 
ter “R” with a number-sign underneath it. For purposes of abbrevia- 
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tion I shall use “‘C”’ to denote the relation in which one time-slice stands 
to another when it is coincident in time with it, and since every slice is 
coincident in time with itself this will also include the case of identity. 
“Z”’ will be used to denote precedence in time between slices and will 
exclude coincidence. With the help of these signs the six relations are 
definable as follows: 

(1) ‘a8 y) if, and only if, and y are time-stretches and 


(E(x) )C(B(y)) 





< x 
| 





- y ? 
(2) (a8 y) if, and only if, x and y are time-stretches and E(x)CE(y) 
and B(#)ZB(y) 


es x 
| | 
| | 








< yy 
(3) (#8 y) if, and only if, a and y are time-stretches and B(x)CB(y) 











| E(y)ZE(z) 
| ane ie 
<— ° - ror 
(4) (#8 y) if, and on! and y are time-stretches and there is a 2 
ta®zand z : y. 
. me €< ) > 
| | - 
— g——> 
(5) (4 7 y) it, and only if, » and y are time-stretches and there is a z 
ich that a R z and y RB z. 
debe a 
< y > 
7. 2S Sen Se 
| | 
—-> 
(6) (#8 y) if, and only if, « and y are time-stretches and there is a z 


such that x rn zand z > y. 
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It should be noted that in the above illustrative diagrams only cases 
where both x and y are parts of some third stretch are illustrated, but 
this restriction is by no means essential, as will be seen from the defini- 
tions. The reader will not find it difficult to define special instances 
of these relations to cover such relations between stretches as are in- 
volved, for example, in the entry of an accretion into a cell or the exit 
of a secretion from one. In these diagrams the time direction is sup- 
posed to run from the left to the right of the page. 


It can be shown that of any two stretches which are not completely 
coincident in time (i. e. such that the first slice of the one is coincident 
with that of the other, and the last slice of the one is coincident with 
that of the other in time) one must stand in one and only one of these 
relations to the other. It can alsd be shown that all these six relations 
are asymmetrical, is intransitive, ® is neither transitive nor intransi- 


Ww 





Fig. 1. Diagram described in the text. w represents a time-stretch of a whole organism, 
u is its first and v its last time slice; x is the time-slice, of the cell z,, which is part of u; y 
is the time slice, of the cell zo, (derived through a number of divisions from z,), which is 


part of v. The class @ of all slices related in this way to ¥ is represented by the dotted 
areas on v. It is represented as though its members wer. .sistributed spatially among two 
cellular-parts. The shaded area represents a cell-slice continuum beginning with x and end- 
ing with y. The arrow on the right indicates the time direction. 


tive, and the remaining four are all transitive, and give rise to series. 
Returning now to what has been referred to above as “the problem of 
development” : suppose w ( Fig. 1) is a time-stretch of a whole organism 
and w—=B (w) and v-=E (w). Then to every cell-slice x which is a part 
of « there corresponds one, and only one, class @ of cell-slices which are 
parts of v, and of which the slice y in Fig. 1 is a representative, i. e. @ is 
the class of all slices y such that y is part of v and isa slice of a cell z, 
:0 which the cell z,, of which x is a slice, stands in the relation D.. Let 
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us use the sign “Dsl” to denote the relation in which y stands to x when 
the above conditions are satisfied for any w, v and w; and the sign “Dsls” 
to denote the relation in which the class a of a// such ys for a given v 
stands toa given x. Then Dsls is a one-one correspondence between 
mutually exclusive classes of the cell-slices of v and the cell-slices of x. 

We shall require a function which will transform the cell-slice con- 
figuration to which z belongs into that to which wv belongs. This looks 
as though it would be an extremely complicated geometrical problem 
for the solution of which we shall need the help of open minded young 
geometricians who are well acquainted with modern developments in 
geometry and are willing to apply themselves to such problems. Perhaps 
they will be able to find ways of overcoming the difficulties. 

Connected with this is the problem ‘of specifying the spatial distribu- 
tion of the members of @ ( Fig. 1) for a given cell-slice x of x. 

Finally, there is the problem of being able to specify the H-types of 
the cells of which members of @ are slices, which involves hypotheses 
regarding their dependence upon the G-types and H-types of the cells 
preceding them in the amily to which they belong. In this con- 
nection the follow onccpts will be useful. We shall say that the 
sum (in the sense of “st ised above) of a class B of cell-slices is a 
cell-slice continuni if, ly if, there is a cell-slice x of a cell z, (see 
Fig. 1), and a cc! ce 4 cell z, and (2,)D.(2.), and B is the-class 
of all cell-slices x, belonging to any cell w, such that (2,)D.(w,) and 
(w,)D.( 2.) and 2==*, or is before it in time and 2,=y or is before it in 
time. The shad! rea in Fig. 1 represents one such cell-slice con- 
tinuum. Now sider what remains of w when one such cell-slice con- 
tinuum is removed from it. Wecan call this remainder the develop- 
mental route (or sit the route) of that cell-slice continuum. It 
seems clear that the f!-type o' such a cell as z, in Fig. 1 will depend on 
the route of the celi-siice c nuum of which it is a part (and this will 
depend on the spatia ations of a in w) and on the G-type and H-type 
of z,. With the help o, the-c concepts (which can easily be extended 
to cover cellular parts) we give precise expression to such concepts 
as “competence”, “dependent development”, “mosaic development”, etc. 


Because it is not of iate importance at the present stage I have 
not attempte:! to point out \ nich of these concepts will suffice as a set 
of undefined ones with the ielp of which all the rest can be defined. It 
will be founc. that quite a small number will suffice. Short as this list 
is and very general though the concepts are which are contained in it, 
yet it will be ‘ound that a great deal can be done with it. What is of 
immediate importance is that it should be tested, and amended and ex- 
tended where necessai ‘i:ts could be done if experts would try to use 
this list in oruc: to formiusate their biological assumptions and general- 
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izations. If this could be done and the results with accompanying cri- 
ticisms could be circulated among those interested, it should be possible 
to evolve a common language for the discussion of embryological prob- 
lems which would be constructed according to the requirements ex- 
plained in my contribution to the Conference. 

If the above list does not suffice for a given purpose new signs must 
be introduced, either by definition (i. e. as abbreviations for combina- 
tions of already existing ones) or as new undefined signs. Suppose, 
for example, that we wish to introduce the notion of “mutation”. It 
must be introduced either as a class-sign or as a relation-sign. If we 
decide to introduce it as a relation-sign we must next decide between 
what sort of terms the relation is to hold. We might, for example, try 
to define a relation between G-types, i. e. a relation between classes of 
cells. We could begin by defining ‘‘a is mutant with respect to B” (or 
more briefly ‘a Mut 6”) as meaning: a and f are two distinct G-types 
and there exist an x and a y such that x is member of @ and y a member 
of B and yDz. Against this first attempt it might be objected that it 
was too wide. It would allow a to be mutant with respect to 6B when 6 
consists of diploid cells and a stands in the relation P1 to B (in the sense 
already explained above) and this might be regarded as an undesirable 
extension of the notion. In that case we must introduce an additional 
clause into the definition to exclude such cases. 


Whether a given statement or definition which can be formulated in 
the language is to be adopted or rejected can only be determined by 
working out its consequences in conjunction with biological statements 
already adopted and seeing whether these consequences agree with our 
observations. It may be that in some cases the necessary observations 
have not been made and this may suggest new experiments. 














